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Abstract  
Chronic lymphocytic leukemia (CLL) is a lymphoid neoplasm characterized by an 

accumulation of mature B lymphocytes in blood and peripheral lymphoid organs which highly 

depend on a tumor-supportive microenvironment. Altered T-cell distribution and function have 

since long been observed in the CLL microenvironment, but the exact pathological role of the 

different T-cell subsets remains uncertain. 

In the present work, the spectrum of CLL-associated T-cell phenotypes were investigated 

by using leading-edge single-cell technologies. Mass cytometry analyses of lymph nodes (LN), 

peripheral blood and bone marrow of CLL patients together with reactive lymph nodes (rLNs) 

of donors without cancer identified the CLL LN as a distinct niche, where CD8+ effector memory 

T-cells with an exhausted phenotype accumulate. Single-cell transcriptome and TCR-clonality 

analyses of LN T-cells further revealed a clonal expansion restricted to effector memory CD8+ 

T-cells, and enabled the characterization of the specific cross-talk between CLL cells and T-

cell subsets. Besides, the single-cell transcriptome of T-cells from the Eµ-TCL1 mouse model 

of CLL was examined and shown to be similar to that of T-cells from CLL patients. 

Since genome-wide association studies have identified that a single-nucleotide 

polymorphism affecting the T-cell master regulator EOMES is associated with CLL 

development, the role of this transcription factor in the disease was investigated. Epigenetic 

and single-cell RNA sequencing analyses revealed that EOMES is not expressed in CLL cells 

but in T-cells, and that its levels are highest in exhausted CD8+ T-cells. Interestingly, Eomes 

deficiency in CD8+ T-cells prevented their expansion and led to a decreased leukemia control 

in the TCL1 mouse model, providing a novel layer of evidence for an anti-tumor role of CD8+ 

T-cells in CLL. 

Furthermore, mass cytometry and single-cell RNA-sequencing analyses revealed an 

increase of T regulatory type 1 (TR1) CD4+ T-cells in CLL LNs compared to rLNs. Such 

accumulation was likewise confirmed in spleen of Eµ-TCL1 mice using flow cytometry. 

Strikingly, TR1 cells failed to expand from Eomes-deficient CD4+ T-cells adoptively transferred 

in leukemic mice, and consequently were less capable of controlling leukemia development. 

Moreover, TR1 cell-mediated CLL control required IL-10 receptor signaling, as Il10rb-/- CD4+ T-

cells showed impaired anti-leukemia activity. 

Taken together, the data generated herein comprehensively and deeply characterize the 

composition and phenotype of the T-cell compartment of CLL patients in comparison to 

individuals without cancer, and significantly improve our understanding of the function of 

distinct T-cell subsets in CLL.
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Zusammenfassung 

Chronisch lymphatische Leukämie (CLL) ist eine lymphoide Neoplasie, die durch eine 

Akkumulation reifer, maligner B-Lymphozyten charakterisiert ist, die stark von einer 

tumorunterstützenden Mikroumgebung abhängen. Eine veränderte T-Zellverteilung und 

funktionelle T-Zelldefekte wurden in der CLL-Mikroumgebung seit langem beobachtet, aber 

die spezifische pathologische Rolle der verschiedenen T-Zellsubpopulationen bleibt bisher 

unklar. 

In der vorliegenden Arbeit wurde das Spektrum der CLL-assoziierten T-Zellphänotypen 

unter Verwendung modernster Einzelzellentechnologien analysiert. 

Massenzytometrieanalysen von Lymphknoten (LN), peripherem Blut und Knochenmark von 

Patienten mit CLL, sowie reaktiver Lymphknoten (rLNs) gesunder Spender charakterisierten 

die CLL LNs als eine spezifische Nische, in der sich CD8+ Effektor-Gedächtnis-T-Zellen mit 

einem erschöpften Phänotyp ansammeln. Einzelzell-Transkriptom- und TCR-Zellrezeptor-

Klonalitätsanalysen von Zellen aus LN zeigten, dass die klonale Expansion der CD8+ T-Zellen 

auf die Effektor-Gedächtniszellen beschränkt ist, und ermöglichten die Charakterisierung der 

spezifischen Wechselwirkungen zwischen CLL-Zellen und den T-Zell-Subtypen. Außerdem 

wurde das Einzelzell-Transkriptom von T-Zellen aus dem Eµ-TCL1 Mausmodell für CLL 

untersucht und es wurde gezeigt, dass es dem von T-Zellen aus Patienten mit CLL ähnelt. 

Da genomweite Assoziationsstudien gezeigt haben, dass ein Einzelnukleotid-

Polymorphismus, der das T-Zell-Masterregulatorgen EOMES betrifft, mit der Entwicklung von 

CLL assoziiert ist, wurde die Rolle dieses Transkriptionsfaktors in CLL untersucht. 

Epigenetische Analysen und Einzelzell-RNA-Sequenzierungen ergaben, dass EOMES nicht 

in CLL-Zellen, sondern in T-Zellen exprimiert wird, und eine maximale Expression in 

erschöpften CD8+ T-Zellen zeigt. Interessanterweise verhinderte das Fehlen von Eomes in 

CD8+ T-Zellen deren Expansion im CLL-Mausmodell, was zu einer verminderten 

Leukämiekontrolle führte. Diese Daten unterstützen die Hypothese, dass CD8+ T-Zellen eine 

Antitumor-Aktivität in CLL haben. 

Darüber hinaus zeigten Massenzytometrie- und Einzelzell-RNA-Sequenzierungsanalysen 

eine Anhäufung von CD4+ regulatorischen Typ 1 T-Zellen (TR1) in CLL LNs im Vergleich zu 

rLNs. Eine solche Akkumulation wurde ebenfalls in der Milz von Eµ-TCL1 Mäusen unter 

Verwendung von Durchflusszytometrie bestätigt. Interessanterweise konnte keine Expansion 

von TR1-Zellen aus Eomes-defizienten CD4+ T-Zellen, die in Mäusen mit CLL injiziert wurden, 

beobachtet werden, was eine beschleunigte Leukämieentwicklung im Vergleich zu Tieren mit 

wildtyp T-Zellen zur Folge hatte. Darüber hinaus zeigten diese Studien, dass die TR1-Zell-

vermittelte Kontrolle von CLL im Mausmodell vom IL-10-Rezeptorsignalweg abhängt, da 

Il10rb-defiziente CD4+ T-Zellen eine beeinträchtigte Anti-CLL-Aktivität aufwiesen. 
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Zusammengenommen charakterisieren die in dieser Arbeit generierten Daten in einer 

bisher nicht verfügbaren Tiefe und umfassenden Form die Zusammensetzung und den 

Phänotyp des T-Zell-Kompartiments bei CLL im Vergleich zu Individuen ohne Krebs und 

verbessern dadurch unser Verständnis der Funktion verschiedener T-Zell-Subpopulationen in 

CLL erheblich. 
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1 Introduction 

 The tumor microenvironment as a hallmark of cancer 

Over the last decades, it became clear that the process of tumorigenesis not only 

encompasses cancer cells, but also the complex surrounding tissue, composed of multiple cell 

types. Consequently, in the revised description of the ‘hallmarks of cancer’ first proposed by 

Douglas Hanahan and Robert A. Weinberg, adaptations of the tumor microenvironment that 

help promote tissue inflammation and avoid immunosurveillance are also considered as part 

of the multistep process that enables tumor development and metastasis (Hanahan and 

Weinberg 2011). 

The cells present in the tumor microenvironment (TME) can generally be divided into three 

types: infiltrating immune cells, cancer-associated fibroblasts (CAFs), and angiogenic vascular 

cells (comprising endothelial cells and pericytes) (Hanahan and Coussens 2012). Each group 

contributes to supporting tumor initiation, growth, and dissemination by helping sustain 

proliferative signaling, evading growth suppressors, inducing angiogenesis and metabolism 

reprogramming, activating invasion and metastasis, as well as escaping immune destruction 

(Hanahan and Coussens 2012). As an example, the mechanisms by which endothelial cells 

promote the formation of new blood vessels that help provide oxygen and nutrients to cancer 

cells has been extensively described (Folkman 1974; Folkman et al. 1989; Butler et al. 2010). 

Besides, while normal fibroblasts serve as epithelial tumor growth suppressors (Bissell and 

Hines 2011), CAFs promote loosening of cell-cell contacts and increase tumor cell motility that 

facilitates metastasis (Kalluri and Zeisberg 2006). Tumor-infiltrating immune cells operate in 

the TME in opposing ways, as leukocytes with both anti- and pro-tumorigenic properties can 

be found within the tumor. The major mechanisms by which immune cells and tumor cells 

interact and influence each other are summarized in the succeeding Sections 1.1.1 and 1.1.2. 

 

1.1.1 Tumor-promoting inflammation 
As part of the repair process in normal tissues, pro-inflammatory cues that promote cell 

proliferation are strictly followed by anti-inflammatory mechanisms ensuring homeostasis 

restoration (Medzhitov 2008). Instead, during chronic inflammation, the initiating factors persist 

and the mechanisms to resolve the inflammatory response fail, contributing to the onset of 

neoplastic lesions. In this line, under the observation that tumors are an aberrant and 

prolonged form of tissue growth and repair, Dvorak defined tumor as ‘wounds that do not heal’ 

(Dvorak 1986). Tumor development is, in fact, often linked to chronic infection, obesity, 

inhalation of pollutants, tobacco consumption or autoimmunity, conditions in which the 

underlying common factor is chronic inflammation (Jemal et al. 2010; Elinav et al. 2013). The 
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influence of inflammatory signals on carcinogenesis involves several processes that promote 

proliferation and survival signaling, as well as genomic destabilization. More specifically, 

cytokines secreted by infiltrating immune cells, including interleukin (IL) 6 (IL-6) and IL-1 

together with tumor necrosis factor (TNF), induce signal transducer and activator of 

transcription 3 (STAT3) and nuclear factor-kB (NF-kB) respectively, thereby leading to cell 

cycle progression and inhibition of apoptosis (Greten et al. 2004; Pikarsky et al. 2004; Karin 

and Greten 2005; Yu et al. 2009; Grivennikov et al. 2010). At the same time, increased DNA 

damage can be induced by elevated levels of reactive oxygen species (ROS) and reactive 

nitrogen species (RNS), released by activated neutrophils and macrophages (Campregher et 

al. 2008). Similarly, several cytokines such as TNF, IL-1b, IL-4, IL-13, and tumor growth factor 

b (TGF-b) promote the ectopic expression of activation-induced cytidine deaminase (AID), 

which induces genomic instability and may entail mutations in critical cancer genes like TP53 

and MYC (Okazaki et al. 2007; Colotta et al. 2009; Takai et al. 2009). Besides, mismatch repair 

factors, that are necessary for DNA repair, can be repressed by hypoxia-inducible factor 1a 

(HIF-1a), the expression of which is induced by TNF, IL-1b and ROS (Colotta et al. 2009; 

Schetter et al. 2010). 

Importantly, tumor cells themselves modulate their microenvironment via soluble mediators, 

thus shaping the inflammatory response. Recruited leukocytes, from both myeloid and 

lymphoid lineages are skewed to support cancer cell survival and proliferation, angiogenesis 

as well as metastasis, and at the same time suppress anti-tumor responses (Hanahan and 

Coussens 2012). For example, tumor associated macrophages (TAMs) – a significant 

component of the TME in many cancers – produce numerous angiogenic factors, like vascular 

endothelial growth factor (VEGF), implicated in vessel formation (Ono et al. 1999; Torisu et al. 

2000). In addition, together with mast cells and neutrophils, they secrete matrix 

metalloproteinases (MMPs), which degrade components of the extracellular matrix and thus 

favor tumor spread and metastasis (Coussens et al. 2000; Egeblad and Werb 2002; Nozawa 

et al. 2006; Pahler et al. 2008).  

 

1.1.2 Cancer immunosurveillance and immunoediting 
As previously mentioned, infiltrating immune cells can also exert an anti-tumor response. 

Known as tumor immune surveillance, the process by which the immune system detects and 

eliminates tumor cells has been studied for decades (Burnet 1957; Burnet 1970; Dunn et al. 

2002). Historically, the first evidence for the role of cellular immunity in preventing malignant 

growth came from the increased incidence of spontaneous tumors in immunodeficient mice as 

well as in immunosuppressed patients (Penn and Starzl 1970; Gatti and Good 1971; Sheil 

1986; Shankaran et al. 2001; Street et al. 2001). Additionally, tumor infiltration by lymphocytes 

(particularly CD8+ T-cells and natural killer (NK) cells) positively correlates with increased 
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patient survival in several tumor entities, such as melanoma, breast, bladder, colon and 

prostate cancer (Epstein and Fatti 1976; Clark et al. 1989; Rilke et al. 1991; Lipponen et al. 

1992; Naito et al. 1998). The mechanism by which the immune system is able to recognize 

and kill tumor cells is based on the integrated response of both its innate and adaptive arms. 

This process is initiated when innate immune cells become ‘alerted’ to the presence of a 

growing tumor by inflammatory signals (Matzinger 1994; Smyth et al. 2006). NK cells, 

macrophages, gd+ T-cells, and NKT-cells are recruited to the tumor site and recognize 

molecules such as the stress-induced ligand for killer cell lectin like receptor K1 (also known 

as NKG2D) (Girardi et al. 2001; Gasser et al. 2005; Strid et al. 2008). This initial immune 

response is mediated and amplified via secretion of several cytokines, including IL-12 and 

interferon gamma (IFNg) (Bancroft et al. 1991; Hodge-Dufour et al. 1997; MacMicking et al. 

1997). The latter induces macrophages to express tumoricidal molecules like ROS, and 

activates NK cells, which in turn, kill tumor cells via TNF-related apoptosis-inducing ligand- 

(TRAIL) or perforin-dependent mechanisms (Schreiber et al. 1983; MacMicking et al. 1997; 

Smyth et al. 2001; Takeda et al. 2001; Hayakawa et al. 2002). In parallel, an adaptive immune 

response is driven by the presence of tumor antigens. These include differentiation antigens 

(like melanocyte differentiation antigen), products of mutated genes (such as TP53), 

overexpressed genes (like HER2), or carcinogenic infectious antigens (like human 

papillomavirus proteins) (Cheever et al. 2009; Schreiber et al. 2011). Cytokine-activated 

dendritic cells acquire and present these tumor antigens to T-cells in the lymph nodes (LNs) 

(Huang et al. 1994; Wculek et al. 2020). Upon antigen recognition, activated CD4+ T helper 

cells 1 (TH1) and cytotoxic CD8+ T-cells subsequently participate in the killing of tumor cells. 

CD4+ TH1 cells achieve this by providing help in activating and polarizing other immune cells, 

whereas CD8+ T-cells directly kill tumor cells inducing granule exocytosis- and death receptor-

mediated apoptosis (de Visser et al. 2006; Zhu and Paul 2008; Halle et al. 2017). 

 

The coexistence of tumor-promoting inflammation and protective tumor immunity can be 

explained as a dynamically interconnected process named ‘cancer immunoediting’ (Dunn et 

al. 2002) (Figure 1). In short, cancer immunoediting consists of three phases (elimination, 

equilibrium and escape), where tumor progression is promoted by either a Darwinian selection 

of the fittest tumor cells, and/or by establishing conditions in the TME that facilitate tumor 

outgrowth (Dunn et al. 2002). In the elimination phase, both innate and adaptive immunity 

cooperate to eliminate developing tumors. If a malignant cell escapes, it may enter an 

equilibrium phase, where the tumor is maintained in a state of dormancy, as its outgrowth is 

controlled by immunologic mechanisms (Aguirre-Ghiso 2007). In such a situation, which can 

be sustained for years, tumor editing occurs, eventually leading to a selection of tumor cells 

than can escape immune recognition, become insensitive to immune 
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Figure 1: The three phases of cancer immunoediting. Normal cells can be transformed into 
tumor cells as a result of acquired oncogenic mechanisms and the failure of intrinsic tumor-
suppressor mechanisms. In the elimination phase, previously known as cancer 
immunosurveillance, innate and adaptive immunity recognize and destroy tumor cells via 
secretion of effector molecules like IFNg, IFN-a/b, TNF, NKG2D and perforin. However, if the 
elimination of tumor cells is incomplete, the tumor enters an equilibrium phase, where 
outgrowth is controlled by adaptive immunity and the tumor remains in state of dormancy. 
During this phase, tumor cells undergo a process of immunoediting, which eventually allows 
them to evade tumor recognition, killing or control by immune cells and become a progressive 
and clinically detectable tumor (the escape phase). CTLA-4 = cytotoxic T lymphocyte 
associated protein 4, IDO = indoleamine 2,3-deoxygenase, IFN = interferon, IL = interleukin, 
TNF = tumor necrosis factor, PD-L1 = programmed death-ligand 1, TGF-b = transforming 
growth factor b, iNOS = inducible nitric oxide synthase, NK = natural killer cell, MDSC = myeloid 
derived suppressor cell, Treg = regulatory T-cell. Figure modified from Vesely et al. 2011 using 
BioRender.com. 
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effector function, or induce immunosuppression within the TME. Upon acquisition of any of 

these abilities, the tumor enters the escape phase, and emerges as a progressively growing 

and visible tumor (Schreiber et al. 2011) (Figure 1). 

Escaping tumor cells are able to interfere with the antitumor immune response via multiple 

mechanisms that ultimately allow them to evade cell killing and reprogram the immune cells 

into an immunosuppressive phenotype. Intrinsic mechanisms include the downregulation of 

major histocompatibility complex (MHC) molecules or upregulation of apoptosis inhibitors like 

B-cell lymphoma-extra large (BCL-XL) and CASP8 and FADD like apoptosis regulator 

(CFLAR) (Kataoka et al. 1998; Hinz et al. 2000). By secreting soluble factors like VEGF, they 

can also suppress dendritic cell maturation and thus prevent them to present tumor antigens 

in the LNs (Gabrilovich et al. 1999). In addition, secretion of immunosuppressive cytokines 

including TGF-b, galectin and IL-10, of other molecules like indoleamine 2,3-dioxygenase 1 

(IDO1), or expression of ligands such as programmed death-ligand 1 (PD-L1), directly impact 

T-cell function by inhibiting their activation and proliferation, or by inducing apoptosis (Vesely 

et al. 2011). Moreover, tumor cells recruit and modulate regulatory T-cells (Tregs) and myeloid-

derived suppressor cells (MDSCs), the two major immunosuppressive leukocyte populations 

(Gabrilovich and Nagaraj 2009; Facciabene et al. 2012). Tregs produce IL-10, TGF-b, and 

express T-cell co-inhibitory molecules like PD-L1 and cytotoxic T-lymphocyte-associated 

protein 4 (CTLA-4) (Terabe and Berzofsky 2004; Facciabene et al. 2012). MDSCs, which 

comprise a heterogeneous group of myeloid cells, also inhibit lymphocyte function by several 

mechanisms. They produce TGF-b and IL-10, deprive the TME of arginine or cysteine, needed 

by T-cells to proliferate (Gabrilovich and Nagaraj 2009), and produce arginase and inducible 

nitric oxide synthase (iNOS) that inhibit T-cell function (Bronte and Zanovello 2005; Rodriguez 

and Ochoa 2008).  

Importantly, as the understanding of the cancer immunoediting process improves, 

therapeutic strategies that target molecular players from each of the three phases are being 

developed. More specifically, substantial work has been invested into developing 

immunotherapies that aim to increase the quality and quantity of immune effector cells and/or 

eliminate the tumor-induced immunosuppression. These include, for example, vaccines that 

elicit strong and specific immune responses against tumor antigens (Thomas and Prendergast 

2016; Sahin and Tureci 2018). Additionally, approaches involving the adoptive transfer of in 

vitro expanded or genetically engineered tumor-specific lymphocytes (such as chimeric 

antigen receptor (CAR) T-cell products) are currently being investigated and have shown 

promising outcomes in high-grade B-cell malignancies (Dudley et al. 2002; Rosenberg et al. 

2011; Labanieh et al. 2018; Majzner and Mackall 2019). Last, methodologies that inhibit or 

eliminate the molecular or cellular mediators of cancer-induced immunosuppression are being 

developed, including the antibody-based blockade of immune-checkpoint receptors like 
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programmed cell death 1 (PD-1)/PD-1 ligand (PD-L1) and CTLA-4, or the targeting and 

depletion of Tregs. (Leach et al. 1996; Iwai et al. 2002; Hodi et al. 2010; Topalian et al. 2012; 

Sharma and Allison 2015).  

 

1.1.3 T-cell exhaustion in cancer 
During acute infection, antigen-presenting cells (APCs) exhibit pathogen-derived antigen 

peptides through the MHC type I complex, which binds to the T-cell receptor (TCR) of naïve 

CD8+ T-cells. Upon selective recognition of the MHC-antigen complex together with co-

stimulatory signals, T-cells get activated, clonally expand, and differentiate into effector cells. 

They express cytotoxic molecules, like perforin and granzymes, and secrete cytokines like 

IFNg and TNFa to ultimately kill target cells. Once the antigen is cleared, most effector CD8+ 

T-cells undergo apoptosis, and only a small fraction differentiates into memory cells. Memory 

CD8+ T-cells persist in the absence of antigens and can rapidly expand and exert effector 

functions in response to antigen re-exposure (Wherry and Ahmed 2004; Williams and Bevan 

2007) (Figure 2).  

In contrast, during chronic viral infection and cancer, where the immune response fails and 

antigen exposure persists, effector T-cells become ‘exhausted’, a dysfunctional state that 

renders them uncapable of eradicating the infection or tumor. The acquisition of such 

phenotype is considered an evolutionarily conserved adaptation to chronic antigen presence 

and TCR stimulation (Blank et al. 2019). In other words, it represents a compromise between 

the need of the organism to resolve the tumor or infection and the amount of inflammation-

induced damage that it can tolerate (Speiser et al. 2014). Exhausted T-cells (TEX) are 

characterized by a reduced capacity to secrete cytokines and effector molecules, and express 

higher levels of inhibitory receptors, including PD-1, CTLA-4, T-cell immunoglobulin and 

mucin-domain containing-3 (TIM-3), lymphocyte-activation gene 3 (LAG3), and T-cell 

immunoreceptor with Ig and ITIM domains (TIGIT) (Wherry 2011). Recently, high levels of the 

ectoenzyme ectonucleoside triphosphate diphosphohydrolase-1 (CD39) that converts 

extracellular ATP and ADP into AMP have been reported in tumor-reactive TEX cells (Gupta et 

al. 2015; Simoni et al. 2018). Besides, these hyporesponsive cells are distinct from anergic 

and senescent T-cells, with an aberrant transcriptional program, a dysregulated metabolism, 

and a unique epigenetic landscape (Wherry et al. 2007; Alfei and Zehn 2017; McLane et al. 

2019) (Figure 2). Chronic TCR stimulation is the main driver of T-cell exhaustion, as evidenced 

by the role of TCR signaling-driven transcription factors in upregulating the expression of 

inhibitory receptors, and at the same time maintaining the long-term survival of TEX cells. This 

includes TFs like the nuclear factor of activated T-cells 1 (NFATC1), interferon regulatory factor 

4 (IRF4), basic leucine zipper ATF-like transcription factor (BATF), nuclear receptor subfamily 
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4 group (NR4A), and thymocyte selection associated high mobility group box (TOX) (Martinez 

et al. 2015; Man et al. 2017; Chen et al. 2019; Khan et al. 2019; Yao et al. 2019).  

Besides, soluble mediators have been shown to promote exhaustion, including IL-10 and 

TGF-b (Li et al. 2006; Brooks et al. 2008; Tinoco et al. 2009; Ni et al. 2015) (Figure 2). To date, 

TEX cells have been described in tumor mouse models and in numerous cancer entities, 

including melanoma, chronic myeloid leukemia, non-small cell carcinoma, colorectal cancer, 

ovarian cancer, Hodgkin lymphoma, and chronic lymphocytic leukemia (Mumprecht et al. 

2009; Matsuzaki et al. 2010; Zhang et al. 2010; Baitsch et al. 2011; Riches et al. 2013; 

Schietinger et al. 2016; Zhang et al. 2018b). 

Single-cell RNA sequencing and mass cytometry analyses have recently shown that TEX 

cells represent a heterogeneous population with a gradual degree of dysfunction (van der Leun 

et al. 2020). Moreover, a subset of PD-1+ precursor cells with self-renewal capacity that gives 

rise to the terminally differentiated TEX population has been identified in mouse models of 

chronic viral infection and cancer (Paley et al. 2012; Im et al. 2016; Utzschneider et al. 2016; 

Siddiqui et al. 2019) (Figure 2). These progenitors of exhausted cells are characterized by 

lower levels of PD-1, depend on the transcription factor T-cell factor 7 (TCF7), and express 

slam family member 6 (SLAMF6), as well as C-X-C chemokine receptor type 5 (CXCR5) (Im 

et al. 2016; Utzschneider et al. 2016; Brummelman et al. 2018; Miller et al. 2019; Siddiqui et 

al. 2019). Aside from the expression of such TFs, their gene expression profile is similar to that 

of CD8+ memory precursor cells, CD4+ follicular helper T-cells (TFH), and hematopoietic stem 

cells (Wu et al. 2016b; Hashimoto et al. 2018). They can additionally be distinguished from the 

terminally exhausted subset based on the expression of the transcription factors 

Eomesodermin (EOMES) and T-box transcription factor 21 (or also known as TBET): precursor 

cells are PD-1int TBEThi, whereas terminally differentiated TEX are PD-1hi EOMEShi (Paley et al. 

2012). Evidence of their progenitor potential comes from experiments showing that, upon 

adoptive transfer into virus-infected or tumor-bearing mice, these cells can proliferate and 

generate terminally differentiated TEX cells. Instead, the latter only expand to a limited extent 

and retain the same PD-1hi terminally differentiated phenotype (Im et al. 2016; Utzschneider 

et al. 2016; Wu et al. 2016b; Sade-Feldman et al. 2018; Kurtulus et al. 2019; Siddiqui et al. 

2019). Crucially, mouse experiments showed that precursor cells are necessary for the 

response upon PD-1 blockade (Im et al. 2016; Utzschneider et al. 2016; Kurtulus et al. 2019; 

Miller et al. 2019). While aPD-1 therapy does not alter the distinct epigenomic state of TEX cells 

and, thus, only restores their effector function transiently, it induces the proliferation and 

differentiation of precursor cells into terminally differentiated TEX cells (Pauken et al. 2016; 

Miller et al. 2019). 
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Figure 2: Development of CD8+ T-cell exhaustion. During initial viral infection, naïve CD8+ 
T-cells become activated upon antigen recognition, proliferate and differentiate into effector T-
cells to kill infected target cells. Once the pathogenic agent is cleared, effector T-cells undergo 
apoptosis and only a small population of memory T-cells (TM) persists (top). In case of chronic 
viral infection or cancer, effector T-cells gradually acquire an exhausted phenotype with 
reduced proliferation and effector function, and increased expression of inhibitory receptors 
(IRs). Within the heterogeneous population of exhausted cells, precursor cells (PD-1int TCF1+ 
TBEThi) have self-renewal capacity and give rise to terminally differentiated TEX cells (PD-1hi 
TCF1- EOMEShi) (middle). Described factors involved in the induction of an exhaustion 
phenotype are a persistent antigen presentation by APCs and subsequent TCR stimulation. 
Besides, inhibitory receptors provide negative signals to T-cells, preventing a normal T-cell 
effector response. Additionally, immunoregulatory cells, APCs and tumor cells contribute to a 
persistent state of inflammation by secreting inhibitory cytokines (like IL-10 or TGF-b) that 
further contribute to exhaustion. Altogether these signals contribute to the distinct 
transcriptional and epigenetic state of TEX cells, driven by transcription factors such as TOX. 
IR = inhibitory receptor. Figure created with BioRender.com. 
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Even though the altered pathways and the molecular mechanisms leading to T-cell 

exhaustion are not completely understood, the knowledge acquired up until today has unveiled 

many potential opportunities for therapeutic interventions. For example, the combination of 

checkpoint inhibitors with agents targeting other co-inhibitory molecules (like LAG3, TIGIT, or 

CD39), soluble factors, or epigenetic programs represents a promising approach for improving 

immunotherapy outcomes (Jin et al. 2010; Johnston et al. 2014; Zhang et al. 2014; Chauvin et 

al. 2015). Finally, current efforts focus on elucidating how the re-invigoration of T-cell 

responses upon checkpoint blockade can be improved and prolonged to achieve a complete 

eradication of tumor cells in cancer patients (Hashimoto et al. 2018; Blank et al. 2019).  

 

1.1.4 CD4+ type 1 regulatory T-cells (TR1) and their role in cancer 
CD4+ T-cells comprise several subsets of cells with distinct phenotypes and functions. 

Generally, they can be divided into conventional CD4+ T-cells and regulatory cells (Tregs) 

expressing forkhead box protein P3 (FOXP3). Conventional CD4+ T-cells are also referred to 

as CD4+ T helper (TH) cells and assist in the polarization and activation of other immune cells 

by establishing direct ligand-receptor interactions as well as releasing cytokines (Zhu et al. 

2010)). Depending on the cytokines they produce and the expression pattern of their surface 

molecules, activated TH cells can be differentiated into TH1, TH 2 and TH17, each having a 

distinct impact on the cellular and humoral immune response (Zhu et al. 2010). Instead, Tregs 

are specialized to suppress the immune response, in order to restore tissue homeostasis and 

maintain self-tolerance (Romano et al. 2019).  

In addition to Tregs, CD4+ type 1 regulatory T-cells (TR1) have been identified as another 

suppressive T-cell type. These TR1 cells were first described more than thirty years ago by 

Groux et al. as an IL-10-producing CD4+ T-cell subset that suppressed antigen-specific T-cell 

responses but was FOXP3-negative (Groux et al. 1997). Aside from IL-10, TR1 cells express 

the surface markers PD-1, LAG3, and CD49b, yet they represent a heterogeneous population 

and the expression of any of these markers is not exclusive to these cells (Akdis et al. 2004; 

Gagliani et al. 2013; Okamura et al. 2015; Roncarolo et al. 2018). TR1 cells are induced by IL-

10 receptor signaling and TCR activation, but the molecular mechanisms underlying their 

development are not completely understood, and only recently, B lymphocyte-induced 

maturation protein 1 (BLIMP1), c-MAF, aryl hydrocarbon receptor (AHR), and EOMES TFs 

have been shown to promote a TR1 cell phenotype (Quintana et al. 2008; Pot et al. 2009; 

Heinemann et al. 2014; Zhang et al. 2017; Roncarolo et al. 2018). TR1 cells induce immune 

suppression through several mechanisms. These include the secretion of cytokines such as 

IL-10 and TGF-b (de Waal Malefyt et al. 1991; Levings et al. 2001; Gregori et al. 2010; 

Roncarolo et al. 2014), as well as the expression of PD-1 and CTLA-4, which inhibits the 

function of both T-cells and APCs (Akdis et al. 2004; Okamura et al. 2015; Facciotti et al. 
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2016). Besides, they disrupt T-cell metabolism by CD39 and CD73 expression, and directly kill 

APCs via secretion of granzyme B (GZMB) and perforin 1 (PRF1), thus preventing the latter 

to promote T-cell activation (Tree et al. 2010; Magnani et al. 2011). 

Notably, high frequencies of TR1 cells have been described in some tumor entities such as 

head and neck squamous cell carcinoma, liver cancer, and metastatic melanoma (Bergmann 

et al. 2008; Pedroza-Gonzalez et al. 2015; Yan et al. 2017). Moreover, a highly suppressive 

function of these cells was observed in Hodgkin’s lymphoma, head and neck squamous cell 

carcinoma, and hepatocellular carcinoma (Dennis et al. 2013; Roncarolo et al. 2018). 

However, the limited available data on their presence and function in cancer emphasizes the 

need for additional studies to help address the question whether TR1 cells play a similar role 

in other malignancies such as leukemia. 

 

 Chronic Lymphocytic Leukemia (CLL) 

1.2.1 Epidemiology, diagnosis and clinical staging 
Chronic lymphocytic leukemia (CLL) is one of the most prevalent leukemias in western 

countries, with an estimated age-adjusted incidence rate of 4.6 newly diagnosed cases per 

year per 100,000 people in the US (Howlader N 2017). It affects mostly elderly people, with a 

median age of 72 at diagnosis, and higher prevalence in males than females (male/ female 

ratio of 1.7:1) (Howlader N 2017). 

According to the 2008 World Health Organization criteria, CLL is diagnosed by 

lymphocytosis with more than 5,000 B lymphocytes per microliter in peripheral blood (PB) 

(Swerdlow et al. 2016). The leukemia cells are characteristically small and phenotypically 

mature when inspected in blood smears, and flow cytometric or immunohistochemical 

analyses distinguish them from other types of lymphoma by the co-expression of CD19, CD20, 

CD23, and the T-cell antigen CD5 (Kipps et al. 2017; Hallek et al. 2018). Patients with CLL 

can also present symptoms of autoimmune cytopenia, develop lymphadenopathy, 

hepatomegaly and splenomegaly (Nabhan and Rosen 2014). The majority of patients, 

however, are asymptomatic at the time of diagnosis, and the clinical course is highly variable, 

ranging from remaining symptom-free for decades, to rapidly developing symptoms or high-

risk disease that requires treatment (Kipps et al. 2017).  

Disease staging is performed according to the Rai (0, I/II, and III/IV) and Binet (A, B and C) 

systems (Rai et al. 1975; Binet et al. 1981). Both of them classify patients into low, 

intermediate, and high risk according to similar clinical features including lymphocytosis, 

lymphadenopathy, anemia and thrombocytopenia (Rai et al. 1975; Binet et al. 1981). The Rai 

staging system is more commonly used in the US, whereas the Binet classification is regularly 

applied in Europe (Kipps et al. 2017). While the two staging systems help to stratify patients, 

additional biomarkers are routinely measured to provide valuable prognostic information 
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(Hallek et al. 2018; Parikh 2018). Factors associated with poorer outcome include expression 

of zeta chain of T-cell receptor associated protein kinase 70 (ZAP-70), CD38, and CD49d by 

leukemia cells (Damle et al. 1999; Orchard et al. 2004; Rassenti et al. 2004; Shanafelt et al. 

2008), cytogenetic lesions (further discussed in the Section 1.2.3), as well as elevated levels 

of soluble b2-microglobulin and thymidine kinase in serum (Hallek et al. 1996; Pflug et al. 2014). 

Patients are also stratified based on the degree of somatic mutations in the immunoglobulin 

(Ig) heavy chain variable gene (IGHV) expressed by the CLL cells (Damle et al. 1999; Hamblin 

et al. 1999). Patients with mutated IGHV, which is defined as a greater than 2% difference 

from the germline sequence, have a higher median overall survival than those with unmutated 

IGHV (Damle et al. 1999; Hamblin et al. 1999). These two groups of patients also harbor 

differences in the underlying tumor genetic lesions, the degree of clonal evolution, epigenetic 

changes, and active signaling pathways present in the leukemia cells, as well as in the kind of 

interactions established within the tumor microenvironment (Allsup et al. 2005; Herve et al. 

2005; Fabbri and Dalla-Favera 2016; Ten Hacken and Burger 2016). In fact, these profound 

divergences between IGHV-unmutated and -mutated patients have been suggested to relate 

to a different cell of origin of the leukemia (Fabbri and Dalla-Favera 2016). 

 

1.2.2 The cellular origin of CLL 
1.2.2.1 Normal B-cell development 

B lymphocyte development and maturation is a tightly regulated, multistep process. It is 

initiated in the bone marrow (BM), where hematopoietic stem cells (HSCs) give rise to common 

lymphoid progenitor cells, that in turn differentiate into B-cell or T-cell lineages (De Obaldia 

and Bhandoola 2015; Melchers 2015). In a specific niche that influences the process, pro-B-

cells transition to pre-B-cells by undergoing a stepwise recombination of immunoglobulin 

variable region genes, prior to the assembly of the complete B-cell receptor (BCR) genetic 

locus (Brack et al. 1978; Schatz et al. 1989; Melchers 2015). After this, each B-cell expresses 

a unique BCR, and those showing high affinity against self-antigens (which is estimated to be 

75 % of B-cells (Wardemann et al. 2003)) undergo additional rounds of receptor editing, or, 

upon failure, are eliminated by apoptosis induction (LeBien 2000; Cambier et al. 2007). 

Immature B-cells leave the BM and migrate to the B-cell follicles within the secondary lymphoid 

organs (SLOs), i.e. LNs and spleen. Upon antigen encounter, B-cells get activated and engage 

in an intricate cross-talk with surrounding cells forming the germinal centers (GCs), which 

results in their expansion, diversification, and differentiation to express high-affinity BCRs 

(Victora and Nussenzweig 2012; Pieper et al. 2013). More specifically, B-cells enter the dark 

zone of the GCs and experience rapid proliferation and somatic hypermutation, the process in 

which point mutations are introduced in the IGHV and the immunoglobulin light chain V region 

(IGLV) genes to increase the immunoglobulin repertoire diversity (Methot and Di Noia 2017). 
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In the light zone, those B-cells expressing BCRs with the highest antigen affinity are positively 

selected, expand, and may undergo class switch recombination, replacing IgM and IgD with 

IgA, IgG, or IgE (Methot and Di Noia 2017). Ultimately, B-cells differentiate into either memory 

B-cells, which can rapidly respond to microbial antigens upon re-encounter, or long-lived 

antibody-secreting plasma cells (Shapiro-Shelef and Calame 2005; Klein and Dalla-Favera 

2008).  

The majority of B-cells that reside in SLOs, including follicular B-cells (also named B-2), and 

marginal zone B-cells, originate from the above-described developmental process, and are 

central to adaptive immune responses (Wang et al. 2020). A third type of B-cells, instead, is 

part of the innate immune system, and derives from progenitor cells found in the fetal liver 

(Baumgarth 2017; Wang et al. 2020). These so-called B-1 cells, which are CD5+, are mostly 

present in the peritoneal and pleural cavities, and constitute a major source of antibodies, 

produced without the ‘help’ from T-cells. Of note, even though transitional and mature CD5+ 

B-cells have been identified in human PB, these cells have predominantly been described in 

mice, and their origin and role in humans is poorly understood (Baumgarth 2017).  

 

1.2.2.2 The putative cell of origin of CLL 
The exact B-cell phenotype from which CLL cells originate remains controversial (Forconi 

et al. 2010; Chiorazzi and Ferrarini 2011). Some of the genetic and epigenetic lesions leading 

to CLL development may already occur in hematopoietic stem cells (HSCs), as evidenced by 

several studies (Fabbri and Dalla-Favera 2016) (Figure 3). For example, HSCs from CLL 

patients engrafted in immunodeficient mice generate clonal B-cells, and are frequently CD5+ 

and CD23+, similarly to CLL cells (Kikushige et al. 2011). Besides, common mutations present 

in CLL cells have been found in multipotent progenitor cells from CLL patients, and clonal 

hematopoiesis has been linked to an increased risk of developing CLL (Damm et al. 2014; 

Genovese et al. 2014; Jaiswal et al. 2014). The characteristic expression of CD5 on CLL cells 

led to the conception, for decades, that CLL cells derive from the B-1 lineage (Stall et al. 1988; 

Caligaris-Cappio 1996). In addition, CD5+ B-1 cells of neonatal origin give rise to a CLL-like 

disease with restricted BCRs and up-regulated c-Myc expression in aged mice (Hayakawa et 

al. 2016). However, several studies have demonstrated that CLL cells have transcriptional and 

phenotypic characteristics that are incompatible with a B-1 lineage. Klein et al. and others 

showed that the gene expression profile of CLL cells is largely homogeneous – irrespective of 

the IGHV mutation status – and similar to that of antigen-experienced CD27+ memory B-cells 

(Klein et al. 2001; Rosenwald et al. 2001; Seifert et al. 2012). Moreover, subsets of circulating 

CD27+ memory-like B-cells with mutated and unmutated IGHV genes have been described 

(Klein et al. 1998). Collectively, these results support the idea that IGHV-mutated CLL derives 

from antigen-experienced, T-cell dependent, post-GC memory B-cells that have undergone 
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somatic hypermutation, while IGHV-unmutated CLL cells originate from conventional naïve B-

cells that have not entered the GCs (Fabbri and Dalla-Favera 2016) (Figure 3). In agreement 

with this hypothesis, epigenomic analysis of CLL cells revealed that DNA methylation patterns 

of IGHV-unmutated leukemia cells resemble those of CD5+ naïve B-cells, whereas IGHV-

mutated cells appear more similar to memory B-cells (Kulis et al. 2012). More recently, work 

from Oakes et al. elegantly showed that DNA methylation patterns of CLL cells resemble those 

of normal B-cells with different degree of maturation, thus indicating that leukemia cells likely 

derive from a continuum of B-cell developmental stages (Oakes et al. 2016). 

The current model of leukemogenesis supports a multistep process where genetic and/or 

epigenetic alterations, subsequent antigen-driven clonal selection and expansion, as well as 

microenvironmental signals give rise to monoclonal B-cell lymphocytosis (MBL), the CLL 

precursor state, and ultimately CLL (Strati and Shanafelt 2015). The fact that both CLL 

subtypes harbor a highly restricted and biased BCR repertoire indicates that a strong antigen-

driven selective pressure plays a significant role in malignant transformation (Vardi et al. 2014; 

Stamatopoulos et al. 2017). Approximately one third of CLL patients can be classified into 

groups based on shared motifs within the heavy chain complementarity-determining region 3 

Figure 3: The putative cellular origin of CLL cells. CLL transformation may start at HSC 
stage, were first genetic and epigenetic changes occur. IGHV-unmutated (IGHV-UM) CLL cells 
may arise from naïve pre-GC CD5+ CD27- B-cells, while mutated-IGHV (IGHV-M) CLL cells 
are likely to originate from CD5+ CD27+ post-GC B-cells. In addition to genetic and epigenetic 
aberrations, BCR stimulation and signals from the microenvironment contribute to the 
generation of the MBL precursor state, prior to CLL transformation. HSC = hematopoietic stem 
cell, GC = germinal center, TH = CD4+ helper T-cell, FDC = follicular dendritic cell, MBL = 
monoclonal B-cell lymphocytosis. Figure modified from Fabbri and Dalla-Favera 2016 using 
BioRender.com. 
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(CDR3, also referred to as stereotyped BCR). Such grouping also reflects similar epigenetic, 

genetic and functional characteristics of the disease, with patients in each group showing a 

similar course and outcome (Ghiotto et al. 2004; Tobin et al. 2004; Stamatopoulos et al. 2007; 

Vardi et al. 2014; Stamatopoulos et al. 2017). IGHV-unmutated CLL cells frequently express 

BCRs with low-affinity and poly-reactivity or self-reactivity, whereas IGHV-mutated ones tend 

to have oligo-reactive or mono-reactive BCRs with high affinity to unknown but likely 

exogenous antigens (Herve et al. 2005; Chu et al. 2008; Binder et al. 2010; Ten Hacken and 

Burger 2016). 

 

1.2.3 Genetic alterations in CLL 
The advent of whole-exome and whole-genome sequencing has tremendously helped to 

unravel the genetic landscape of CLL. Notably, CLL patients carry a wide range of genetic 

variability, and unlike other tumor entities, no single main oncogenic driver has been identified 

(Puente et al. 2011; Quesada et al. 2011; Landau et al. 2015; Puente et al. 2015). Instead, 

genetic and epigenetic alterations, including chromosomal aberrations, somatic mutations, 

epigenetic modifications, as well as changes in miRNA expression, contribute to CLL 

pathogenesis and determine the clinical course of the disease (Kipps et al. 2017). 

Nevertheless, compared to most of other solid tumors and hematological malignancies, CLL 

displays a low mutational burden, with a slightly higher number of somatic mutations in IGHV-

mutated versus -unmutated patients (Puente et al. 2011; Lawrence et al. 2013; Landau et al. 

2015). 

Cytogenetic alterations can be detected in 80 % of CLL patients, and because their 

presence impacts CLL development, a hierarchical model for patient classification based on 

chromosomal abnormalities has been proposed to identify patients with higher risk of disease 

progression and poor survival (Dohner et al. 2000). The four most common chromosomal 

alterations are deletions on chromosomes 13 (del(13q)), 11 (del(11q)), and 17 (del(17p)), as 

well as trisomy 12 (Dohner et al. 2000; Zenz et al. 2010; Fabbri and Dalla-Favera 2016). 

Deletion 13q14.3 is the most frequent genetic lesion, present in > 50 % of patients, and is 

associated with a favorable prognosis (Dohner et al. 2000; Dal Bo et al. 2011; Ouillette et al. 

2011). The deleted region contains the DLEU2-mir-15a/16-1 cluster, which controls the 

expression of negative regulators of apoptosis, as well as proteins involved in cell cycle 

progression (Calin et al. 2008; Klein et al. 2010). Del(17p), can be found in 7 % of patients, 

and it involves the inactivation of the tumor suppressor gene TP53 (Wattel et al. 1994; Dohner 

et al. 1995; Dohner et al. 2000; Landau et al. 2015). Del(11q) is present in 18 % of CLL patients, 

and is frequently associated with alterations in the ataxia telangiectasia mutated (ATM) gene, 

which is part of the DNA repair machinery (Schaffner et al. 1999; Dohner et al. 2000; Stankovic 

and Skowronska 2014). Both TP53 and ATM losses are associated with genomic instability, 
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resistance to chemotherapy and overall poor prognosis (Dohner et al. 2000; Austen et al. 2007; 

Stankovic and Skowronska 2014). Last, trisomy 12 is found in approximately 15 % of patients 

with CLL, and even though it is linked with a higher risk of progressing into the more aggressive 

lymphoma Richter syndrome, or with the development of secondary tumors, the exact 

mechanisms that link this chromosomal abnormality to CLL pathogenesis remain unclear 

(Chigrinova et al. 2013; Fabbri et al. 2013; Strati et al. 2015). 

Somatic mutations present in CLL cells have been found to affect genes involved in multiple 

cellular processes. These include genes related to the DNA damage response (for example 

TP53 and ATM), RNA processing (for example splicing factor 3B subunit 1 (SF3B1), and 

exportin 1 (XPO1)), and chromatin modification (like histone H1.4 (HIST1H1E), chromodomain 

helicase DNA binding protein 2 (CHD2) and zinc finger MYM-type containing 3 (ZMYM3)). 

Notch signaling (including the notch receptor 1 (NOTCH1) gene itself), B-cell activity pathways, 

and pathways related to an inflammatory response (like myeloid differentiation primary 

response 88 (MYD88)) can be affected as well (Quesada et al. 2011; Wang et al. 2011; 

Quesada et al. 2012; Landau et al. 2013; Landau et al. 2015; Mansouri et al. 2015; Puente et 

al. 2015). Mutations in some of these genes, such as NOTCH1 and SF3B1, are of substantial 

prognostic value and allow for a better stratification of patients (Baliakas et al. 2015; Rossi et 

al. 2015). Besides, driver mutations like SF3B1 and TP53 have been shown to be present in 

tumor subclones that expand in CLL patients after treatment, and serve as a predictive factor 

for disease progression (Landau et al. 2013). 

 

Although the majority of cases develop sporadically, some genetic factors are involved in 

familial predisposition for CLL, as first-degree relatives of CLL patients have an 8.5-fold higher 

risk to develop the disease (Cerhan and Slager 2015). Using genome-wide association 

studies, more than 40 genetic loci have been linked to CLL susceptibility (Di Bernardo et al. 

2008; Crowther-Swanepoel et al. 2010; Slager et al. 2012; Berndt et al. 2013; Speedy et al. 

2014). Despite a modest impact of each individual locus on disease development, a large 

number of risk alleles leads to higher CLL susceptibility (Crowther-Swanepoel et al. 2010). The 

majority of CLL-associated single nucleotide polymorphisms (SNPs) are located in areas of 

open chromatin, but, interestingly, only few are found within or next to genes whose function 

might impact disease development, and thus their role in CLL pathogenesis remains poorly 

understood (Speedy et al. 2014).  

 

1.2.4 Current and emerging therapies for CLL 
Treatment for CLL is usually not applied in patients who have an asymptomatic, early stage 

disease, as it has been shown that overall survival in indolent cases does not improve after 

treatment (Dighiero et al. 1998). These patients are monitored and only treated when evidence 
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of disease progression or symptoms appear (Hallek et al. 2018). Despite multiple treatment 

options being available, CLL remains incurable (Burger 2020). Exceptionally, allogeneic stem 

cell transplantation is considered a curative strategy, but its application is restricted to patients 

of younger age and limited by donor availability, plus complications like graft-versus-host 

disease and immunosuppression often occur (Gribben et al. 2005; Dreger et al. 2010). For 

decades, standard treatments for CLL were based on alkylating agents (including 

chlorambucil, bendamustine and cyclophosphamide) and purine analogue chemotherapies 

(fluradabine, pentostatin and cladribine) (Nabhan and Rosen 2014; Parikh 2018). Notably, the 

introduction of monoclonal antibodies targeting the CD20 antigen expressed on the surface of 

B-cells (like rituximab and obinutuzumab) has strongly impacted CLL management 

(Stilgenbauer et al. 2009). Combining the latter with chemotherapeutics – an approach called 

chemoimmunotherapy – has significantly improved both overall survival and progression-free 

survival (PFS), and is the current standard first-line therapy (Parikh 2018).  

Importantly, research from the last 10 years has underscored the importance of the BCR 

signaling pathway in CLL pathogenesis (Herishanu et al. 2011; Stevenson et al. 2011; Le Roy 

et al. 2012; Burger and Chiorazzi 2013; Ferrer and Montserrat 2018). BCR engagement leads 

to cell survival and proliferation signals in healthy B-cells as well as CLL cells and, 

consequently, the use of small molecule inhibitors of BCR-downstream kinases has led to a 

clinical success (Kipps et al. 2017; Sharma and Rai 2019; Yosifov et al. 2019). For example, 

treatment with the Bruton’s tyrosine kinase (BTK) inhibitor ibrutinib, or the phosphatidylinositol-

3 kinase delta (PI3Kd) inhibitor idelalisib has been approved in the United States and Europe 

for treatment of patients with relapsed CLL, as it improves PFS as well as overall survival in 

these patients (Byrd et al. 2014; Furman et al. 2014). In addition, ibrutinib is currently the first 

treatment option for patients carrying TP53 mutations and del(17p). Interestingly, treatment 

with these inhibitors results in significant LN and spleen shrinkage, together with a transiently 

increased lymphocytosis, likely due to a mobilization of CLL cells from the secondary lymphoid 

organs to the periphery (Ponader et al. 2012; Woyach et al. 2014; Chen et al. 2016). Besides 

BCR signaling inhibitors, selective B-cell lymphoma 2 (BCL-2) inhibitors are showing promising 

results for relapsed or refractory patients. In fact, the small molecule inhibitor venetoclax has 

been approved for second-line treatment of relapsed or refractory CLL patients with del(17p) 

(Parikh 2018).  

Finally, based on the emerging success of immunotherapeutic strategies in several solid 

and hematological cancers (Fesnak et al. 2016; Ribas and Wolchok 2018), cellular 

immunotherapies and immune checkpoint inhibitors are currently being tested in clinical trials 

(NCT03331198, NCT02329847, NCT02332980, NCT02362035). For example, the use of 

genetically modified T-cells expressing a CAR targeting CD19 on B-cells induced durable 

remission in several pilot studies with relapsed/refractory CLL patients, but its efficacy was 
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modest when compared to that in patients with acute lymphoblastic leukemia (Porter et al. 

2015; Turtle et al. 2017). As results with single-agent treatment using a blocking antibody 

against PD-1 led to disappointing results in CLL (Ding et al. 2017), ongoing investigations focus 

on the combination of immune checkpoint blockade (ICB) and kinase inhibitors 

(NCT02329847, NCT02332980, NCT02362035). 

 

1.2.5 The Eµ-TCL1 mouse model of CLL 
Several murine models reproducing common CLL genetic lesions have been developed, 

including mouse lines with a deletion of chromosome 14qC3, which corresponds to human 

del(13q), or of the IRF4 gene. Other mouse lines overexpress genes that are altered in CLL, 

like T-cell leukemia/lymphoma 1a (TCL1), tumor necrosis factor superfamily member 13 

(TNFSF13), and BCL-2, or harbor a SF3B1 mutation and ATM deletion (Bichi et al. 2002; Stein 

et al. 2002; Zapata et al. 2004; Klein et al. 2010; Lia et al. 2012; Shukla et al. 2013; Yin et al. 

2019). To date, the Eµ-TCL1 model is the most widely used mouse model to investigate CLL 

(Simonetti et al. 2014; Bresin et al. 2016). Bichi et al. established this mouse line by 

exogenously placing the human TCL1 gene under the control of the Ig heavy chain promoter 

(Bichi et al. 2002). Practically 100 % of the transgenic mice start to show CD5+ B-cell 

proliferation at 2 months of age, and these cells can be detected in spleen at 3-5 months of 

age, and in BM at 5-8 months of age (Bichi et al. 2002). At the age of 13-18 months, mice 

become manifestly ill, with splenomegaly, lymphadenopathy and elevated CD5+ B-cell counts 

in PB, BM and SLOs (Bichi et al. 2002). The malignant B-cells show unmutated IGHV genes 

and a stereotyped BCR, suggesting that the model mimics the more aggressive form of human 

CLL (Yan et al. 2006). Indeed, the highest levels of TCL1 expression are found in IGHV-

unmutated patients, and TCL1 expression correlates with ZAP-70 expression, as well as with 

the presence of del(11q) (Herling et al. 2006; Pekarsky et al. 2006). Functionally, the TCL1 

gene acts as an oncogene by transporting AKT serine/threonine kinase 1 (AKT1) into the 

nucleus and by enhancing its enzymatic activity, which leads to both apoptosis resistance and 

enhanced proliferation (Russo et al. 1989; Mok et al. 1999; Pekarsky et al. 2000; Noguchi et 

al. 2007). It also increases nuclear factor kappa light chain enhancer of (NF-kB) activity, thus 

supporting CLL cell survival and proliferation (Pekarsky et al. 2008; Gaudio et al. 2012). 

Besides, higher levels of TCL1 expression and co-recruitment of TCL1-AKT to the BCR 

membrane complex in CLL cells correlate with BCR signaling intensity (Herling et al. 2009). 

Of note, the long latency of the disease in the mice suggests that the TCL1 overexpression 

likely serves as an initial trigger, and additional genetic lesions and microenvironmental factors 

may be required for a complete malignant transformation (Simonetti et al. 2014).  

To overcome this latency and the high heterogeneity in tumor onset in the transgenic mouse 

line, adoptive transfer (AT) of Eµ-TCL1 leukemic cells into wild-type (WT) C57BL/6 mice is 
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commonly performed. Such approach represents a reproducible and more homogeneous 

system where mice develop a CLL-like disease within few weeks or months (Hofbauer et al. 

2011; McClanahan et al. 2015b; Hanna et al. 2019). 

The use of the Eµ-TCL1 mouse model has significantly advanced the understanding of the 

molecular and cellular pathomechanisms of CLL. For example, the role of the BCR signaling 

or the Toll-like receptor signaling, as well as the importance of continuous autoantigen 

stimulation in CLL development were examined with the use of this model system (Holler et 

al. 2009; Bertilaccio et al. 2011; Nganga et al. 2013; Woyach et al. 2014). Likewise, because 

it is fully immunocompetent, it recapitulates the tumor microenvironment and has been 

successfully used to understand the cross-talk between leukemic cells and the surrounding 

cells (Kern et al. 2004; Gorgun et al. 2009; Scielzo et al. 2010; Troeger et al. 2012), as well as 

for preclinical studies of novel therapies (McClanahan et al. 2015a; Wierz et al. 2018; Hanna 

et al. 2020).  

 

 The tumor microenvironment in CLL 

1.3.1 The complex interplay between CLL cells and their microenvironment 
Normal B-cells are programmed to interact with their microenvironment during the 

processes of differentiation, antigen presentation, maturation, and antibody secretion, in order 

to execute a well-coordinated and tightly regulated immune response against infection 

(Herishanu et al. 2013). It is thus unsurprising that CLL cells retain the ability to communicate 

with their microenvironment, even though the normal compartmentalization and regulation of 

the immune response is altered. In fact, CLL cells are highly reliant on the interactions with the 

microenvironment for their survival and proliferation, especially in BM and secondary lymphoid 

structures. Such strong dependency is evidenced by the fact that in vitro cultured CLL cells 

rapidly undergo apoptosis, whereas their survival is significantly extended when co-cultured 

with non-malignant cells such as monocyte-derived nurse-like cells (NLCs) or mesenchymal 

bone marrow stromal cells (BMSCs) (Burger et al. 2000; Deaglio and Malavasi 2009). Besides, 

proliferation of CLL cells in patients is restricted to the pseudofollicles of secondary lymphoid 

organs, where tight interactions with the surrounding cells that shape the transcriptomic profile 

of CLL cells occur (Messmer et al. 2005; Herishanu et al. 2011). More specifically, CLL cells 

residing in the LNs overexpress genes related to BCR signaling as well as genes downstream 

of the NF-kB and NFAT pathways compared to PB and BM CLL cells (Herishanu et al. 2011).  

 

Multiple cell types constitute the CLL TME, including mesenchymal-stromal cells, 

endothelial cells, fibroblasts, neutrophils, monocytes, macrophages, dendritic cells, T-cells and 

NK cells. Through adhesion molecules, ligand-receptor interactions and soluble factors, these 
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cells establish a crosstalk with CLL cells, the complexity of which remains incompletely defined 

(Burger 2011; Kipps et al. 2017). The main cellular and molecular components of the CLL 

microenvironment are summarized in Figure 4.  

The majority of studies investigating the role of stromal cells in CLL have been performed 

using BMSCs. These cells provide attachment and growth factors in in vitro co-cultures with 

CLL cells via the CXCR4-CXCL12 axis, and protect CLL cells from spontaneous and drug-

induced apoptosis (Panayiotidis et al. 1996; Lagneaux et al. 1998; Burger et al. 1999; Kurtova 

et al. 2009). Other cytokines, chemokines, proangiogenic factors, and extracellular matrix 

components secreted by mesenchymal cells promote CLL cell migration and survival. These 

include integrins b1 and b2, vascular cell adhesion molecule 1 (VCAM1), VEGF, and MMP9 

(Lagneaux et al. 1998; de la Fuente et al. 2002; Ringshausen et al. 2004; Redondo-Munoz et 

al. 2006; Gehrke et al. 2011). Importantly, the interaction between CLL cells and stromal cells 

results in the activation of both cell types and induces the release of C-C motif chemokine 

ligand (CCL) 3 (CCL3) and CCL4 by CLL cells for the recruitment of other leukocytes like T-

cells (Burger et al. 2009; Ding et al. 2009). 

Endothelial and follicular dendritic cells (FDCs) play a similarly important role in homing CLL 

cells and providing protection from apoptosis (Badoux et al. 2011; Cols et al. 2012; Maffei et 

al. 2012). Activation and proliferation of malignant cells occur upon binding to integrins as well 

as B-cell activating factor (BAFF) and a proliferation-inducing ligand (APRIL) expressed by 

microvascular endothelial cells (Cols et al. 2012).  

Burger et al. first described a critical involvement of monocytes in supporting CLL with the 

observation that PB monocytes co-cultured with CLL cells differentiate into ‘nurse-like cells’ 

that prolong leukemic cell survival (Burger et al. 2000). This in vitro model system has been 

extensively used to examine the mechanisms by which monocytes and macrophages support 

leukemia cells. For example, NLCs attract and enhance CLL cell survival via secretion of 

chemokines CXCL12 and CXCL13, as well as through BAFF and APRIL expression (Burger 

et al. 2000; Nishio et al. 2005; Burkle et al. 2007). Additional supporting interactions include 

the binding of CD38 – the expression of which in CLL cells is associated with poor prognosis 

– with CD31, and of semaphorin CD100 to Plexin B1 (Granziero et al. 2003; Deaglio et al. 

2005). Besides, CLL cells contribute to an inflammatory microenvironment by secreting 

exosomes that induce monocytes to secrete CCL2 (Haderk et al. 2017), which in turn, recruits 

more monocytes, and CD14, which improves CLL cell survival in vitro (Seiffert et al. 2010; 

Schulz et al. 2011). Of note, NLCs exhibit a gene expression profile similar to TAMs, which 

have been found in spleen and LNs of CLL patients (Tsukada et al. 2002; Burkle et al. 2007). 

Moreover, monocytes isolated from PB of CLL patients show a skewed phenotype from 

classical inflammatory CD14+ CD16- to patrolling CD14low CD16+ with a deregulation of genes 

involved in inflammation and phagocytosis (Maffei et al. 2013). Murine experiments have 
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recently confirmed the pro-tumorigenic role of myeloid cells: their depletion using clodronate 

liposomes led to a significantly improved control of CLL development, as well as a partial 

Figure 4: Cellular and molecular components of the CLL tumor microenvironment 
(TME). CLL cells receive pro-survival, proliferation and drug resistance-inducing signals from 
multiple cells present in their microenvironment. CLL cells are recruited to the LNs via CXCL12 
and CXCL13 secreted by stromal and myeloid cells. In SLOs, myeloid cells and endothelial 
cells support CLL cell survival and proliferation via cytokines including BAFF and APRIL. 
FDCs, stromal cells and T-cells further contribute in supporting CLL cells by expression of 
VCAM1 and CD40L, respectively. CLL cells in turn, secrete CCL3 and CCL4 to recruit 
leukocytes. In addition, CLL cells promote an immunosuppressive TME by expressing PD-L1, 
and inducing Treg differentiation. Tres, in turn, express CTLA-4 and secrete IL-10 and TGF-b. 
Myeloid cells contribute to the inhibition of T-cell function by PD-L1 expression and IDO1 
secretion. CLL T-cells exhibit an exhausted phenotype, with elevated expression of inhibitory 
receptors including PD-1, TIM-3 and CD244. PD-1 = programmed cell death protein 1, PD-L1 
= PD-1 ligand, CTLA-4 = cytotoxic T-lymphocyte-associated protein 4, Tim-3 = T-cell 
Immunoglobulin and mucin-domain containing-3, CD40L = CD40 ligand, IL4I1 = interleukin 4 
induced gene 1, IL-10 = interleukin 10, TGFb = transforming growth factor b, IDO1 = 
indoleamine 2,3-dioxygenase, Treg = regulatory T-cell, FDC = follicular dendritic cell, CCL3, 
CCL4 = chemokine ligand 3 and 4, CXCL12 and 13 = C-X-C motif chemokine 12 and 13, BAFF 
= B-cell activating factor, BAFFR = BAFF receptor, APRIL = a protein-inducing ligand, BCMA 
= B-cell maturation antigen, TACI = transmembrane activator and CAML interactor, VCAM1 = 
vascular cell adhesion protein 1, VLA-4 = Integrin a4b1. This figure includes a schematic 
representation of the main components of the CLL TME. A complete description of the 
interactions identified thus far has been reviewed by ten Hacken and Burger (Ten Hacken and 
Burger 2016). Figure created using BioRender.com. 
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restoration of systemic inflammation (Galletti et al. 2016; Hanna et al. 2016). 

CLL cells modify their microenvironment to evade immune surveillance via multiple 

mechanisms. They produce IL-10 and TGF-b, and express high levels of PD-L1 that directly 

affect T-cell function. (Lotz et al. 1994; Fayad et al. 2001; Ramsay et al. 2012; Brusa et al. 

2013). Treg cell numbers are increased in PB and LNs of CLL patients, and have been shown 

to be correlated with tumor load and higher Binet and Rai stages (Beyer et al. 2005; 

Giannopoulos et al. 2008; D'Arena et al. 2011; Biancotto et al. 2012; Palma et al. 2017). These 

suppressor cells also express higher levels of CTLA-4, and produce increased amounts of IL-

10 and TGF-b compared to control Tregs (Beyer et al. 2005; Motta et al. 2005; Biancotto et al. 

2012). Further contributing to an immunosuppressive microenvironment, myeloid cells exhibit 

increased expression of IDO1, interleukin 4 induced gene 1 (IL4I1), as well as PD-L1, which 

help suppress T-cell function and induce Treg differentiation in vitro (Giannoni et al. 2014; 

Jitschin et al. 2014; Sadik et al. 2020). Last, circulating DCs from CLL patients are reported to 

harbor an immature phenotype and are unable to stimulate an effective T-cell response (Orsini 

et al. 2003). 

 

1.3.2 The role of T-cells in the CLL microenvironment 
The role of T-cells in CLL remains one of the most debated subjects in CLL research. Both 

CD4+ and CD8+ T-cell numbers are increased in PB of CLL patients, and a higher proportion 

of these cells exhibit an antigen-experienced effector or memory phenotype in contrast to 

healthy donor T-cells (Catovsky et al. 1974; Totterman et al. 1989; Christopoulos et al. 2011; 

Palma et al. 2017; Elston et al. 2020; Roessner et al. 2020b). However, it is unclear whether 

these cells are expanded because of tumor recognition, antigen-independent inflammatory 

signals, or infection-derived antigens, which are more prevalent in CLL patients (Burger 2011).  

CD4+ T-cells isolated form CLL patients display a higher expression of the activation 

markers CD160 and human leukocyte antigen (HLA)-DR, as well as the proliferation marker 

KI-67, but also express higher levels of the inhibitory receptors PD-1 and TIGIT (Riches et al. 

2013; Catakovic et al. 2017; Palma et al. 2017; Elston et al. 2020). Both TH1 and TH2 T-cell 

subsets have been reported to be predominant in PB of CLL patients (Podhorecka et al. 2002; 

Gorgun et al. 2005; Buggins et al. 2008; Roessner et al. 2020b). Additionally, cytokines 

secreted by either TH1 cells (IL-2, IFNg, and TNFa) or TH2 cells (IL-4) have been shown to 

improve CLL cell survival and proliferation in in vitro cultures (Foa et al. 1990; Dancescu et al. 

1992; Buschle et al. 1993; Trentin et al. 1996; de Totero et al. 1999; Monserrat et al. 2014). 

However, these reports investigated T-cells isolated from PB, and thus provide limited 

information about the phenotype and role of CD4+ T-cells residing in the LNs, where 

interactions with CLL cells occur. In lymphoid tissues, one of the most abundant T-cell subsets 

are CD4+ T follicular helper cells (TFH), which express CXCR5+ as well as inducible T-cell 
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costimulatory (ICOS), and support B-cell differentiation via CD40L- CD40 and ICOS- ICOS 

ligand (ICOSL) binding (King et al. 2008). In fact, CD40 signaling in CLL cells induces their 

survival and proliferation via PI3K/AKT and NF-kB pathways (Fluckiger et al. 1992; Romano 

et al. 1998; Furman et al. 2000; Cuni et al. 2004; Os et al. 2013). Similarly, the TFH cytokine IL-

21 promotes CLL cell proliferation in vitro, altogether suggesting that these cells provide crucial 

support to CLL cell survival (Ahearne et al. 2013; Pascutti et al. 2013). Mouse experiments 

aimed at deciphering the influence of CD4+ T-cells on CLL progression have reported 

contradictory results: autologous CD4+ T-cells were necessary for CLL cell proliferation in 

patient-derived xenograft (PDX) mouse models (Os et al. 2013), whereas an anti-tumoral effect 

by these cells was described using PDX as well as the Eµ-TCL1 mouse models (Bagnara et 

al. 2011; Kocher et al. 2016). More recently, the depletion of TBET-expressing TH1 CD4+ T-

cells in TCL1 mice was shown to have no effect in leukemia progression (Roessner et al. 

2020b). Of note, no data about the presence, phenotype or function of TR1 cells in CLL has 

been reported to date. Additional functional analyses are thus required to elucidate the role of 

CD4+ T-cell subsets in CLL.  

Evidence for an anti-tumoral effect by CD8+ T-cells comes from a described spontaneous 

regression of the disease in some patients, in addition to the identification of mutations 

resulting in neo-antigens that potentially induce a CD8+ T-cell response (Del Giudice et al. 

2009; Rajasagi et al. 2014). Besides, in vivo studies using the TCL1 AT mouse model showed 

that CLL progresses significantly faster in the absence of CD8+ T-cells (Hanna et al. 2019). As 

reported in other tumor entities, however, CD8+ T-cells from PB of CLL patients exhibit an 

activation-induced exhaustion phenotype, with increased expression of activation markers as 

well as inhibitory receptors, including human leukocyte antigen -DR isotype (HLA-DR), CD69, 

PD-1, CD244, TIM-3 and CTLA-4, and an altered transcriptional and epigenetic state 

(Totterman et al. 1989; Gorgun et al. 2005; Motta et al. 2005; Nunes et al. 2012; Brusa et al. 

2013; Riches et al. 2013; Wu et al. 2016a; Taghiloo et al. 2017; Hanna et al. 2019; Elston et 

al. 2020). Moreover, T-cells from CLL patients are unable to form effective immunological 

synapses due to cytoskeleton aberrations, and further show defects in proliferation and 

cytotoxicity (Gorgun et al. 2005; Ramsay et al. 2008; Riches et al. 2013). Nevertheless, as in 

CD4+ T-cell-centered studies, most research has focused on PB CD8+ T-cells, and very limited 

data on their phenotype in LNs exists. Importantly, Hanna et al. recently reported that CD8+ T-

cell exhaustion is more pronounced in SLOs compared to PB, with higher levels of PD-1 and 

reduced production of GZMB and TNFa after in vitro stimulation (Hanna et al. 2019). In a 

similar manner, exhausted T-cells are enriched in spleen compared to blood of TCL1 AT mice 

(Hanna et al. 2019). With the aim to assess the effect of immune check point blockade in CLL, 

several studies have used this mouse model and observed encouraging results. For example, 

anti-PD-L1, as well as dual anti-PD-1 and anti-LAG3 treatment in the mice reinvigorated CD8+ 
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T-cell function and improved CLL control (McClanahan et al. 2015a; Wierz et al. 2018). 

However, as previously mentioned, the respective treatment in CLL patients has so far been 

ineffective (Ding et al. 2017), hence highlighting the need for a better understanding of the T-

cell compartment in CLL patients. 
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2 Aims of the thesis 
Even though the recent development of novel targeted agents and combinatorial strategies 

have substantially improved therapeutic effectiveness in CLL, it is still considered an incurable 

disease. Drug resistance remains highly prevalent, and thus highlights the need for the 

creation of innovative methods to treat patients with CLL. Because CLL cells strongly rely on 

signals form their microenvironment to survive and proliferate, understanding the interplay 

between leukemia cells and bystander cells could be central to identify new treatment 

approaches targeting these interactions. However, whether T-cells exert pro- or anti-tumoral 

effects within the CLL microenvironment remains under debate. Besides, the phenotype of 

these cells in the secondary lymphoid organs, where the interactions with tumor cells occur, 

has been poorly studied hitherto. 

 

 Characterization of the T-cell compartment in CLL 

In order to address these open questions, the central aim of this work was to characterize 

the phenotype of T-cells isolated from CLL patients at a new level of resolution using single-

cell technologies. For this purpose, CD8+ T-cells from CLL lymph nodes, peripheral blood and 

bone marrow, together with lymph nodes of individuals without cancer were 

immunophenotyped using mass cytometry. Additionally, to evaluate the transcriptomic and 

clonal profile of nodal T-cells at the single-cell level, the 10x Genomics platform was used. At 

the same time, this approach enabled the study of the specific interactions established 

between T-cell subsets and CLL cells. 

Currently, the Eµ-TCL1 mouse model represents the most suitable tool for the in vivo 

investigation of the precise role of immune cell subsets in the context of CLL. Thus, in addition 

to the abovementioned analyses, the transcriptomes of individual T-cells isolated form 

splenocytes of leukemia-bearing mice were analyzed to assess their resemblance with LNs 

from CLL patients. 

 

 Exploring the role of the transcription factor EOMES in CD8+ T-
cells in CLL 

EOMES is a known master regulator of T-cell differentiation and function, and has recently 

been linked to T-cell exhaustion. Hence, another goal of the present study was to investigate 

the role of EOMES in T-cell function in the context of CLL. To this end, EOMES expression 

patterns in human and murine T-cell subsets were investigated using single-cell transcriptome 
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and mass cytometry analyses, and its functional role was assessed in vivo using the TCL1 

mouse model. 

 

 Defining the role of TR1 cells in CLL 

While an immunosuppressive role of TR1 CD4+ T-cells has been described in several tumor 

entities, their existence and function in CLL has not been explored thus far. The aim of the 

present work was therefore to investigate the presence and phenotype of TR1 cells in CLL 

patients using mass cytometry and transcriptome single-cell data. Besides, the TCL1 mouse 

model was employed to investigate the molecular mediators regulating TR1 cell function and 

to elucidate their contribution in CLL development. 

 

  



 

  39 

3 Materials and Methods 

 Materials 

3.1.1 Human samples 
Lymph node (LN), peripheral blood (PB), and bone marrow (BM) samples from CLL 

patients, and reactive lymph node (rLN) samples from heathy controls were obtained after 

informed consent and according to the guidelines of the Hospital Clínic Ethics Committee, the 

Ethics Committee of the University of Heidelberg, and the Declaration of Helsinki. Patients with 

CLL were diagnosed following the World Health Organization (WHO) classification criteria 

(Swerdlow 2017). All clinical information of the patients analyzed in this work is provided in 

Table 1,  Table S12, and Table S13. 

 

Table 1: Clinical data of CLL patients and healthy controls.  

Patient 
ID Tissue Diagnosis Sex Age at 

sampling 
Age at 
diagnosis 

TP53 
status 

IGHV 
status 

TL 
(%) 

Treatment 
status Binet Rai TFS 

(months) 
OS 
(months) 

BC1 LN CLL ACC M 72 70 - M 92 Untreated B I 26.3 74.9 

BC1 PB CLL ACC M 72 70 - M 41.80 Untreated B I 26.3 74.9 

BC10 LN CLL TR F 61 59 0 U 64.80 Treated A III 22.3 28.2 

BC11 BM CLL M 53 52 0 U 70 Treated A I 6.5 121.7 

BC12 LN CLL M 77 77 0 U 53.94 Untreated B I - - 

BC12 PB CLL M 77 77 0 U 67.76 Untreated B I - - 

BC13 LN CLL M 72 67 0 U 53.28 Treated A 0 52.2 - 

BC13 PB CLL M 72 67 0 U 75.60 Treated A 0 52.2 - 

BC14 LN CLL M 72 60 0 U 91 Treated A 0 122.4 - 

BC14 PB CLL M 72 60 0 U 94 Treated A 0 122.4 - 

BC15 LN CLL F 58 56 0 U 70.56 Treated A 0 19.6 140.5 

BC15 LN CLL F 65 56 0 U 78.40 Treated A 0 19.6 140.5 

BC15 PB CLL F 65 56 0 U 69 Treated A 0 19.60 140.47 

BC2 LN CLL ACC M 70 69 0 U 88 Untreated B I 2.9 - 

BC3 LN CLL F 58 57 0 U 79.20 Untreated B I - - 

BC3 BM CLL F 58 57 0 U 83.42 Untreated B I - - 

BC4 LN CLL M 56 53 NA M 76.26 Treated A 0 39.3 - 

BC5 LN CLL F 47 46 0 M 32.80 Untreated A I - - 

BC5 LN CLL F 46 46 0 M 64.17 Untreated A I - - 

BC5 PB CLL F 46 46 0 M 45.10 Untreated - - - - 

BC6 LN CLL ACC M 84 62 - - 68 Treated A 0 69 282.4 

BC7 LN CLL M 43 43 0 M 83.30 Untreated A I - - 
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BC8 LN CLL M 75 73 0 U 59.40 Treated A I 0.0 51.2 

BC8 PB CLL M 76 73 0 U 60 Treated A I 0.0 51.2 

BC9 LN CLL M 54 53 0 U 86 Treated A III 14.9 56.4 

BC9 PB CLL M 54 53 0 U 84 Treated A III 14.9 56.4 

BC9 BM CLL M 54 53 0 U 94 Treated A III 14.9 56.4 

HD1 LN CLL M 72 56 0 M 95 Pretreated A III 8.1 - 

HD10 LN CLL M 71 71 0 M 89 Untreated B III - - 

HD11 LN CLL M 70 62 1 - 88 Treated A IV 19.3 - 

HD2 LN CLL M 78 78 0 M 77.2 Untreated B I - - 

HD3 LN CLL M 69 69 0 M 75 Untreated B I 5.0 - 

HD4 LN CLL M 79 79 0 M 88.6 Untreated B I 1.0 - 

HD5 LN CLL M 72 71 0 U 88.9 Untreated B I 14.7 - 

HD6 LN CLL M 76 75 0 M 78.6 Untreated A I 6.5 - 

HD7 LN CLL M 53 53 0 U 91.4 Untreated C III 0.3 - 

HD8 LN CLL M 72 71 0 M NA Untreated A III 16.4 39.7 

HD9 LN CLL M 75 76 - - 84.3 Untreated - - - - 

rLN1 LN rLN M -          

rLN10 LN rLN F 52          

rLN11 LN rLN F 34          

rLN12 LN rLN M 30          

rLN13 LN rLN M 59          

rLN2 LN rLN M 32          

rLN3 LN rLN M 50          

rLN4 LN rLN F 39          

rLN5 LN rLN M 20          

rLN6 LN rLN M 49          

rLN7 LN rLN M 18          

rLN8 LN rLN M 33          

rLN9 LN rLN M 20          

Note: TL = tumor load, TFS = treatment-free survival, OS = overall survival, LN = lymph node, 
PB = peripheral blood, BM = bone marrow, CLL = chronic lymphocytic leukemia, CLL ACC = 
accelerated CLL, CLL TR = CLL with Hodgkin transformed cells, rLN = reactive LN, M = male, 
F = female, - = not available. 

 

3.1.2 Mouse lines  
Mice used in this work were obtained from the central animal facility of the German Cancer 

Research Center (DKFZ, Heidelberg), kindly provided by external research groups, or 

purchased from Janvier Labs (Saint-Berthevin) or Jackson laboratories (Bar Harbor). A list of 
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the specific mouse strains used, including their respective background and supplier, is 

provided in Table 2. Mice were kept under specific pathogen-free conditions in the animal 

facility of DKFZ. Experimental and control groups were sex- and age-matched in all studies 

performed. Mice were euthanized with carbon dioxide (CO2) overdose or cervical dislocation. 

All animal experiments were conducted in accordance with the governmental regulations and 

authorized by the local authorities under the G-25/16, G-98/16 and G-53/15 and G-36/14 

experimental projects.  

 

Table 2: Mouse lines used in this work.  

Short name Full name Background Supplier 

Eomes-/- 
Lck-cre x Eomesfl/fl x Foxp3-
IRES-mRFP (FIR) x Il10-GFP 
(tiger) (Wan and Flavell 2005) 

129Sv/C57BL/6 J Dr. Ana Izcue1 

Eomes+/+ Eomesfl/fl x FIR x tiger (WT) 
(Wan and Flavell 2005) CD45.2-C57BL/6 J Dr. Ana Izcue1 

Eµ-TCL1 
B6.Cg-Tg(Igh-V186.2- 
TCL1A)3Cro 75 (Bichi et al. 
2002) 

CD45.2-C57BL/6 N Dr. Carlo Croce2 

Eµ-TCL1 
B6.Cg-Tg(Igh-V186.2- 
TCL1A)3Cro 75 (Bichi et al. 
2002) 

CD45.2-C57BL/6 J Dr. Carlo Croce2 

Il10rb-/- STOCK-Il10rbtm1Agt (Spencer 
et al. 1998) CD45.2-C57BL/6 J Jackson 

laboratories3 

Il10 reporter (Fir 
x tiger) 

B6-Foxp3tm1Flv Il10tm1Flv / 
Plich (Kamanaka et al. 2006) CD45.2-C57BL/6 J Dr. Ana Izcue1 

Rag2-/- 
B6.129S(Cg)- 
Rag2tm1Fwa/FwaOrl 314 
(Shinkai et al. 1992) 

CD45.2-C57BL/6 J DKFZ central 
animal facility 

WT C57BL/6 J NA CD45.2-C57BL/6 J Janvier Labs4 

WT C57BL/6 N NA CD45.2-C57BL/6 N Janvier Labs4 
Note: NA = Not Available. 1 = Max-Planck Institute of Immunology and Epigenetics, Freiburg, 
2 = Ohio State University, Columbus, 3 = Bar Harbor, 4 = Saint-Berthevin. 

 

3.1.3 Antibodies 
Table 3: Mass cytometry antibodies.  

Antibody Isotope Clone Reference Supplier Staining 

2B4 (CD244) 113In*# C1.7 329502 Biolegend Surface 

CD127/IL-7Ra 149Sm A019D5 314901B Fluidigm Surface 
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CD134/OX40 158Gd ACT35 315801B Fluidigm Surface 

CD137/4-1BB 173Yb 4B4-1 317301B Fluidigm Surface 

CD152/CTLA-4 170Er 14D3 317000B Fluidigm Surface 

CD185/CXCR5 171Yb 51505 317100B Fluidigm Surface 

CD19 139La*# HIB19 302202 Biolegend Surface 

CD197/CCR7 167Er* G043H7 353202 Biolegend Surface 

CD223/LAG3 165Ho 11C3C65 316503B Fluidigm Surface 

CD25 169Tm 2A3 316900B Fluidigm Surface 

CD27 155Gd L128 315500B Fluidigm Surface 

CD278/ICOS 148Nd C398.4A 314801B Fluidigm Surface 

CD279/PD-1 174Yb EH12.2H7 317402B Fluidigm Surface 

CD3 141Pr* UCHT1 300402 Biolegend Surface 

CD357/GITR 159Tb 621 315902B Fluidigm Surface 

CD38 144Nd HIT2 314401B Fluidigm Surface 

CD39 160Gd A1 316000B Fluidigm Surface 

CD4 145Nd* RPA-T4 300502 Biolegend Surface 

CD44 166Er BJ18 316600B Fluidigm Surface 

CD45 89Y HI30 308900B Fluidigm Surface 

CD45RA 143Nd H100 314300B Fluidigm Surface 

CD45RO 164Dy UCHL1 316400B Fluidigm Surface 

CD47 209Bi CC2C6 320900B Fluidigm Surface 

CD56/NCAM 176Yb NCAM16.2 317600B Fluidigm Surface 

CD7 147Sm CD7-6B7 314700B Fluidigm Surface 

CD73 168Er AD2 316801B Fluidigm Surface 

CD8a 146Nd* RPA-T8 301002 Biolegend Surface 

CD95/FAS 152Sm DX2 315201B Fluidigm Surface 

Cisplatin viability 195Pt 
 

201064 Fluidigm 
 

DNA content 191/193Ir 
 

201192 Fluidigm 
 

EOMES 175Lu* WD1928 14-4877-82 ebioscience Intracellular 

FOXP3 162Dy 259D/C7 3162024A Fluidigm Intracellular 

Granzyme K 142Nd* GM26E7 370502 Biolegend Intracellular 
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HELIOS 156Gd* 22F6 137202 Biolegend Intracellular 

HLA-DR 151Eu G46-6 3151023B Fluidigm Surface 

KI-67 172Yb B56 3172024B Fluidigm Intracellular 

KLRG1 115In*# SA231A2 367702 Biolegend Surface 

TBET 161Dy 4B10 3161014B Fluidigm Intracellular 

TCF7 163Dy* 7F11A10 655202 Biolegend Intracellular 

TIGIT 153Eu MBSA43 3153019B Fluidigm Surface 

TIM-3 154Sm F38-2E2 3154010B Fluidigm Surface 

TOX 150Nd* TXRX10 14-6502-82 ebioscience Intracellular 
Note: * = Isotopes conjugated in-house to respective purified monoclonal IgG antibodies in the 
Department of Oncology in the Luxembourg Institute of Health (LIH, Luxembourg). # = Isotopes 
were purchased from Trace Sciences International (113ln) or Sigma (115ln, 139, LA). 

 

Table 4: Flow cytometry antibodies. 

Marker Fluorochrome Species 
reactivity 

Clone Supplier Reference 

CD107A PE Mouse 1D4B eBioscience 12-1071-83 

CD11B eFluor® 450 Mouse M1/70 eBioscience 48-0112-82 

CD11B PerCP-Cy5.5 Mouse M1/70 eBioscience 45-0112-82 

CD127 PE Mouse A7R34  Biozol Diagnostica BLD-
135010 

CD127 PE-Dazzle Mouse A7R34 Biozol Diagnostica BLD-
135032 

CD127 BV605 Mouse A7R34  Biozol Diagnostica BLD-
135041 

CD127 PE-Cy7 Mouse A7R34 Biolegend 25-1371-82 

CD127 APC Mouse A7R34 Biozol Diagnostica BLD-
135012 

CD19 FITC Mouse 1D3 eBioscience 11-0193-86 

CD19 PE-Dazzle Mouse 6D5 Biolegend 115554 

CD19 AF700 Mouse 1D3 eBioscience 56-0193-82 

CD19 PE-Cy7 Mouse 1D3 eBioscience 25-0193-81 

CD19 PE Mouse 1D3 eBioscience 12-0193-83 

CD19 FITC Human HIB19 Biolegend 302206 
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CD244 APC Mouse eBio244F4 eBioscience 17-2441-82 

CD3 V450 Mouse 500A2 BD Bioscience 560801 

CD3 APC Mouse 145-2C11 Biolegend 100321 

CD3 PE Human HIT3a BD Bioscience 555340 

CD3E BV605 Mouse 145-2C11 Biolegend BLD-
100351  

CD3E FITC Mouse 145-2C11 Biolegend 100306 

CD4 eFluor®450 Mouse GK1.5 eBioscience 48-0041-82 

CD4 BV605 Mouse RM4-5  Biolegend BLD-
100548 

CD4 PerCP-Cy5.5 Mouse RM4-4 Biolegend 116012 

CD4 APC-Cy7 Mouse RM4-5 Biolegend 100526 

CD4 APC Mouse RM4-4 Biozol Diagnostica BLD-
100516 

CD44 AF700 Mouse IM7 eBioscience 56-0441-82 

CD44 PerCP-Cy5.5 Human/ 
Mouse 

IM7 Biozol Diagnostica BLD-
103032 

CD44 FITC Human/ 
Mouse 

IM7 eBioscience 11-0441-85 

CD45 PerCP-Cy5.5 Mouse 30-F11 Biolegend BLD-
103132 

CD45 BV711 Mouse 30-F11 Biolegend 103147 

CD45 AF700 Mouse 30-F11 Biolegend 103128 

CD5 APC Mouse 53-7.3 Biolegend 100626 

CD5 BV605 Mouse 53-7.3 BD Bioscience 563194 

CD5 PE Mouse 53-7.3 eBioscience 12-0051-81 

CD5 APC Human UCHT2 Biolegend 300612 

CD69 PE-Dazzle Mouse H1.2F3 Biolegend BLD-
104536  

CD8A APC-Cy7 Mouse 53-6.7 Biolegend 100714 

CD8A BV605 Mouse 53-6.7 Biolegend 100744 

CX3CR1 PE-Dazzle Mouse SA011F11 Biolegend 149014 

EOMES PE Mouse Dan11mag  eBioscience 12-4875-82 

EOMES PerCP- 
eFluor710 

Human/ 
Mouse 

Dan11mag  eBioscience  46-4875-80 
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FOXP3 PeCy7 Mouse FJK-16s eBioscience 25-5773-80 

FOXP3 AF700 Mouse FJK-16s eBioscience 56-5773-82 

GZMB V450 Mouse NGZB eBioscience 48-8898-82 

GZMB FITC Mouse NGZB eBioscience 11-8898-80 

IFNG PerCP-Cy5.5 Mouse XMG1.2 eBioscience 45-7311-82 

IL-2 APC Mouse JES6-5H4 Biolegend 503810 

IL-2 PE-Cy7 Mouse JES6-5H4 eBioscience 25-7021-82 

KI-67 FITC Mouse SolA15 eBioscience 11-5698-82 

KI-67 PE Mouse MIB-1 Biozol Diagnostica 652404 

LAG3 PE Mouse eBioC9B7W eBioscience 12-2231-82 

NK1.1 FITC Mouse PK135 Biolegend 108706 

PD-1 PE-Cy7 Mouse RPM1-30 Biolegend 109110 

PD-1 APC Mouse RPM1-30 Biolegend 109112 

PD-1 PE-Dazzle Mouse RPM1-30 Biolegend 109116 

PD-1 PE Mouse RPM1-30 Biolegend 169104 

TNF eFluor® 450 Mouse MP6-XT22 eBioscience 48-7321-82 
 

3.1.4  Chemicals and reagents  
Table 5: Chemicals and reagents used in this work. 

Name Experiment/ 
Purpose 

Supplier Reference 

10 % Tween 20 scRNA 
sequencing 

Biomol GmbH, Hamburg E108 

2-Mercaptoethanol (55 mM)  Cell culture Thermo Fisher Scientific, 
Waltham  

21985-023  

4’,6-diamidino-2-phenylindole 
(DAPI) 

Flow cytometry 
staining 

Sigma-Aldrich, Steinheim D9542-1MG 

Agencourt® AMPure® XP, 60 
mL 

scRNA 
sequencing 

Beckman Coulter, Brea A63881 

Cotrim K-ratiopharm 240 mg  Mouse 
experiments 

Ratiopharm, Ulm  3788230 

Dimethylsulfoxid (DMSO)  Freezing medium Sigma-Aldrich, Steinheim  41639 

DirectPCR Lysis Reagent 
(Mouse Tail) 50 mL 

PCR Viagen Biotech, Los 
Angeles 

101-T  
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Dulbecco’s Modified Eagle’s 
Medium (DMEM)  

Cell culture Sigma-Aldrich, Steinheim  D6046  

Dulbecco’s Phosphate 
Buffered Saline (PBS)  

Misc. Sigma-Aldrich, Steinheim D8537  

DynabeadsTM MyOneTM 
SILANE 

scRNA 
sequencing 

10x Genomics, Pleasanton PN-
2000048 

eBioscience 1-Step Fix/Lyse 
Solution  

Flow cytometry 
staining 

Thermo Fisher Scientific, 
Waltham 

00-5333-57  

eBioscience Cell Stimulation 
Cocktail (500X) 

T-cell stimulation Thermo Fisher Scientific, 
Waltham  

00-4970-93  

eBioscience Fixable Viability 
Dye eFluor 506  

Flow cytometry 
staining 

Thermo Fisher Scientific, 
Waltham 

65-0866-14  

eBioscience Protein Transport 
Inhibitor Cocktail  

T-cell stimulation Thermo Fisher Scientific, 
Waltham  

00-4980-93  

Ethanol Misc. Fisher Scientific GmbH, 
Schwerte  

10342652 

Ethidium Bromide Solution (1 
%)  

PCR Carl Roth, Karlsruhe  2218 

Fetal Bovine Serum (FBS) Misc. Sigma-Aldrich, Steinheim F7524  

GeneRuler 1 kb Plus DNA 
Ladder  

PCR Fisher Scientific Oy, 
Vantaa 

11581625 

Gibco HEPES (1 M)  Cell culture Thermo Fisher Scientific, 
Waltham  

15630056 

Gibco L-Glutamine (200 mM)  Cell culture Thermo Fisher Scientific, 
Waltham  

25030024 

Gibco MEM Non-Essential 
Amino Acids Solution (100X) 

Cell culture Thermo Fisher Scientific, 
Waltham 

11140035 

Gibco Penicillin/Streptomycin 
(10,000 U/mL)  

Cell culture Thermo Fisher Scientific, 
Waltham  

15140122 

Glycerol (50 %), Sterile 
Solution 

scRNA 
sequencing 

BioVision BV, Milpitas B1012-100 

High Sensitivity D1000 
Reagents  

scRNA 
sequencing 

Agilent Technologies, 
Santa Clara  

5067-5585  

High Sensitivity D5000 
Reagents  

scRNA 
sequencing 

Agilent Technologies, 
Santa Clara, USA  

5067-5593  

Invitrogen 123count eBeads 
Counting Beads  

Flow Cytometry 
Staining 

Thermo Fisher Scientific, 
Waltham 

01-1234-42  

Normal Rat Serum  Cell isolation Jackson ImmunoResearch 
Laboratories, West Grove  

012-000-
120  
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Prima Amp Hot Start Master 
Mix  

PCR Steinbenner 
Laborsysteme, Wisenbach 

SL-9714-
10ml  

Proteinase K PCR Thermo Fisher Scientific, 
Waltham 

11826724 

RNase free water  Misc. Ambion, Carlsbad  AM9937  

RPMI 1640  Cell culture Sigma-Aldrich, Steinheim R8758  

Sodium Pyruvate (100 mM)  Cell culture Thermo Fisher Scientific, 
Waltham  

11360039 

Note: Misc. = Miscellaneous, U = Units. 

 

3.1.5 Buffers and solutions 
Table 6: Buffers and solutions used in this work.  

Buffer  Experiment/ Purpose Composition/ Supplier Catalog #  

eBioscience Foxp3 / 
Transcription Factor 
Staining Buffer Set  

Flow Cytometry Staining Thermo Fisher Scientific, 
Waltham  

00-5523-00  

eBioscience IC 
Fixation Buffer  

Flow Cytometry Staining Thermo Fisher Scientific, 
Waltham  

00-8222-49  

eBioscience 
Permeabilization 
Buffer (10X)  

Flow Cytometry Staining Thermo Fisher Scientific, 
Waltham  

00-8333-56 

FACS buffer  Flow Cytometry Staining PBS + 2% FBS NA 

Freezing Media  Cryopreservation 90% FBS + 10% DMSO  NA  

MACS Buffer  Cell isolation Miltenyi Biotec, Bergisch 
Gladbach  

130-091-221  

Qiagen Buffer EB  scRNA sequencing Qiagen, Hilden 19086 

RBC Lysis Buffer 
(10X)  

Cell isolation Biolegend, San Diego  420301 

Note: NA = Not Applicable. 
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3.1.6 Kits 
Table 7: Commercial kits used in this work. 

Name Experiment/ Purpose Supplier Reference 

CD90.2 MicroBeads, Mouse  Cell isolation Miltenyi Biotec, 
Bergisch 
Gladbach  

130-121-278  

Chromium™ i7 Multiplex Kit, 
96 rxns 

scRNA sequencing 10x Genomics, 
Pleasanton 

120262 

Chromium™ Single Cell 3'/5' 
Library Construction Kit, 16 
rxns 

scRNA sequencing 10x Genomics, 
Pleasanton 

PN-1000020 

Chromium™ Single Cell 3’ 
Library & Gel Bead Kit v2, 4 
rxns 

scRNA sequencing 10x Genomics, 
Pleasanton 

PN-120267 

Chromium™ Single Cell 5’ 
Library & Gel Bead Kit, 4 rxns 

scRNA sequencing 10x Genomics, 
Pleasanton 

PN-1000014 

Chromium™ Single Cell A 
Chip Kit, 16 rxns  

scRNA sequencing 10x Genomics, 
Pleasanton 

PN-1000009 

Chromium™ Single Cell V(D)J 
Enrichment Kit, Human T Cell, 
96 rxns 

scRNA sequencing 10x Genomics, 
Pleasanton 

PN-1000005 

Chromium™ Single Cell V(D)J 
Enrichment Kit, Mouse T Cell, 
96 rxns 

scRNA sequencing 10x Genomics, 
Pleasanton 

PN-1000071 

QIAamp DNA Micro Kit (50) DNA isolation Qiagen, Hilden 56304 

QIAquick PCR Purification Kit PCR product purification Qiagen, Hilden 28104 

EasySep Mouse CD4+ T cell 
isolation kit  

Cell isolation Stemcell 
Technologies, 
Vancouver  

19852 

EasySep Mouse CD8+ T cell 
isolation kit  

Cell isolation Stemcell 
Technologies, 
Vancouver  

19853 

Easysep Mouse Pan-B Cell 
Isolation Kit  

Cell isolation Stemcell 
Technologies, 
Vancouver  

19844 

Qubit dsDNA HS Assay Kit  scRNA sequencing Thermo Fisher 
Scientific, 
Waltham 

Q32854  

Note: Rxn = reaction. 
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3.1.7 Consumables 
Table 8: Consumables used in this work. 

Name Experiment/ 
Purpose 

Supplier Reference 

96-Well U Bottom Plate  Miscellaneous Techno Plastic Products 
(TPP), Trasadingen 

TPP92197  

Cell Culture Dish 100/20 
mm    

Miscellaneous Greiner Bio-one, 
Frickenhausen 

664160 

Conical Tubes (15 mL, 50 
mL)  

Miscellaneous Techno Plastic Products 
(TPP), Trasadingen 

91014, 
91054 

Corning Plastic 
Serological Pipettes (5mL, 
10 mL, 25 mL, 50 mL)  

Miscellaneous Corning, New York  CLS4487, 
CLS4488, 
CLS4489, 
CLS4490 

Corning® Costar® 
Reagent Reservoirs (50 
mL) 

Flow Cytometry 
Staining 

Corning, New York CLS4870-
5EA 

Cryo.s, 2 mL Cryopreservation Greiner bio-one, 
Frickenhausen 

TPP91014, 
TPP91050 

DNA LoBind Tubes, DNA 
LoBind, 1,5 mL 

scRNAseq/ Cell 
sorting 

Eppendorf, Hamburg  22431021 

Eppendorf Safe-Lock 
Microcentrifuge Tubes 
(1.5 mL, 2 mL, 5mL)  

Miscellaneous Eppendorf, Hamburg  22363204 

Falcon Polystrene Round 
Bottom Tubes (5 mL) 

Flow Cytometry 
Staining 

Corning, New York   352052 

Falcon® 70 μm Cell 
Strainer 

Tissue dissociation Corning, New York  352350 

Fine Dosage Syringes, 
Injekt®-F Solo 

Cell injection VWR International, Radnor  720-2561 

GentleMACS™ C Tubes Tissue dissociation Miltenyi Biotec, Bergisch 
Gladbach  

130-093-
237 

High Sensitivity D1000 
ScreenTape  

scRNA sequencing Agilent Technologies, Santa 
Clara  

5067-5584  

High Sensitivity D5000 
ScreenTape  

scRNA sequencing Agilent Technologies, Santa 
Clara  

5067-5592  

LS columns Cell isolation Miltenyi Biotec, Bergisch 
Gladbach  

130-042-
401 
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MiniCollect® K2E 
K2EDTA 

Blood collection Greiner Bio-one, 
Frickenhausen 

450532 

Mr. Frosty™ Freezing 
Container 

Cryopreservation Nunc, Rosklide 5100-0001 

NEOJECT® Hypodermic 
Needles (23G, 25G and 
27G)  

Cell injection Dispomed Witt, Gelnhausen  10025, 
10089, 
10127 

Pipette Tips (10 μL, 20 μL, 
100 μL, 200 μL, 1000 μL) 

Miscellaneous Steinbenner Laborsysteme, 
Wisenbach  

TP50010, 
TP50020, 
TP50100, 
TP50200, 
TP51250 

Vi-CELL™ XR Cell counting Beckman Coulter, Brea  383721 

 

3.1.8 Equipment and devices 
Table 9: Equipment and devices used in this work. 

Name Experiment/ Purpose Supplier 

10x Magnetic Separator  scRNA sequencing 10x Genomics, Pleasanton 

10x Vortex Adapter  scRNA sequencing 10x Genomics, Pleasanton 

4200 TapeStation scRNA sequencing Agilent Technologies, Santa Clara  

Accu-jet® pro Pipette Controller Misc. BrandTech, Essex  

BD FACSAriaTM II Cell sorting BD (Becton, Dickinson & 
Company), Franklin Lakes 

BD FACSArisa Fusion Cell sorting BD (Becton, Dickinson & 
Company), Franklin Lakes 

BD FACSCanto II Flow Cytometry 
Staining 

BD (Becton, Dickinson & 
Company), Franklin Lakes 

BD LSR II Flow Cytometry 
Staining 

BD (Becton, Dickinson & 
Company), Franklin Lakes 

BD LSRFortessaTM  Flow Cytometry 
Staining 

BD (Becton, Dickinson & 
Company), Franklin Lakes 

C1000 Touch™ Thermal Cycler scRNA sequencing Bio-Rad Laboratories, Hercules 

Cell Culture Safety Cabinet, 
Herasafe KS  

Cell culture Thermo Fisher Scientific, Waltham  

Centrifuge 5810 R  Miscellaneous Eppendorf, Hamburg  

Centrifuge Heraeus Fresco 17 Miscellaneous Thermo Fisher Scientific, Waltham  
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Chromium Next GEM 
Secondary Holder  

scRNA sequencing 10x Genomics, Pleasanton 

Chromium Single Cell Controller 
Instrument  

scRNA sequencing 10x Genomics, Pleasanton 

Easysep Magnet Cell isolation Stemcell Technologies, Vancouver  

Eppendorf ThermoMixer C scRNA sequencing Eppendorf, Hamburg, Germany  

FastGene Mini Centrifuge scRNA sequencing Nippon Genetics, Düren 

Gammacell 40 Exactor Mouse irradiation Best Theratronics, Ottawa  

GentleMACS Dissociator Tissue dissociation Miltenyi Biotec, Bergisch Gladbach  

Heracell 150i Incubator  Cell culture Thermo Fisher Scientific, Waltham  

Heracell 240i Incubator  Cell culture Thermo Fisher Scientific, Waltham  

MACS Magnet Stand  Cell isolation Miltenyi Biotec, Bergisch Gladbach 

MasterCycler EP Gradient S  PCR Eppendorf, Hamburg  

PIPETMAN L Multichannel 
P8x200L, 20-200 μL  

Miscellaneous Gilson, Middleton 

Pipettes (2 μL, 20 μL, 100 μL, 
200 μL, 1000 μL)  

Miscellaneous Gilson, Middleton 

QuadroMACS Separator  Cell isolation Miltenyi Biotec, Bergisch Gladbach  

Qubit 4.0 Fluorometer  scRNA sequencing Thermo Fisher Scientific, Waltham  

Scissors Surgical 11,5 cm 
Curved ST/ST  

Tissue extraction DKFZ Lagermaterial, Heidelberg 

Tweezers Anatomical 10,5 cm 
Straight 

Tissue extraction DKFZ Lagermaterial, Heidelberg 

Tweezers Surgical 10,5 cm 
Curved 

Tissue extraction DKFZ Lagermaterial, Heidelberg 

UV-Gel Documentation System  PCR BioRad, Hercules 

Vi-CELL XR 2.03 Cell counting Beckman Coulter Inc.,Brea 

Vortex Mixer Neolab 7-2020  Miscellaneous neoLab Migge, Heidelberg 

Water Bath Julabo SW-20C  Miscellaneous Julabo, Seelbach  
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3.1.9 Software 
Table 10: Software used in this work. 

Name Experiment/Purpose Source Version 

Affinity Designer Figure creation Serif Ltd, West Bridgford 1.8.2.620 

BD FACSDivaTM Flow cytometry data 
acquisition 

BD (Becton, Dickinson & 
Company), Franklin Lakec 3149011B 

CyTOF® Software Mass cytometry data 
acquisition 

Fluidigm Corporation, South 
San Francisco 6.7.1014 

EndNoteTM X9 Bibliography 
management Thomson Reuters, Carlsbad 19.3.1.13758 

FlowJo Flow cytometry analysis BD (Becton, Dickinson & 
Company), Franklin Lakes X 10.0.7 

GraphPad Prism Statistical analysis, 
graph creation 

GraphPad Software, San 
Diesgo 5.04/7 

Microsoft Excel  Miscellaneous Microsoft, Redmond 2016 

Microsoft 
PowerPoint  Miscellaneous Microsoft, Redmond 2016 

Microsoft Word Miscellaneous Microsoft, Redmond 2016 

Mosaic Vivarium 
(DKFZ production) 

Mouse colonies 
management Virtual Chemistry, San Jose 

2018-1201-
2020-0430a-
Risky 

R Bioinformatic analyses The R Foundation 3.5 
 

 Methods 

3.2.1 Human tissue processing and conservation 
LN samples obtained in the Hospital Clínic (Barcelona) were processed as follows: one half 

of the resected LN underwent routine histopathological and flow cytometry immunological 

evaluation. The other half was homogenized using a 70 µm cell strainer (Falcon, 352350) to 

obtain a single-cell suspension, which was resuspended in Roswell Park Memorial Institute 

(RPMI 1640, Sigma-Aldrich, R8758) medium containing 10 % dimethyl sulfoxide (DMSO, 

Sigma-Aldrich, D4540) and 60 % heat-inactivated fetal bovine serum (FBS; Thermo Fisher 

Scientific, F7524). Single-cell suspensions of peripheral blood (PB) and bone marrow (BM) 

were obtained via Ficoll-Paque sedimentation (GE-Healthcare, GE17-1440-02) and 

cryopreserved as described above. Lymph nodes collected at the University of Heidelberg 

(Heidelberg) were minced and suspended in RPMI 1640 medium (Sigma-Aldrich, R8758) 

supplemented with 10 % FBS (Thermo Fisher Scientific, F7524), 2 mM L-Glutamine (Thermo 

Fisher Scientific, 25030024), and penicillin and streptomycin (P/S, Thermo Fisher Scientific, 



3 Materials and Methods   3.2 Methods 

 53 

15140122) at a final concentration of 100 U/mL and 100 µg/mL, respectively. Cells were next 

filtered through a 40 µm strainer (Sigma-Aldrich, CLS431750), washed once with phosphate-

buffered saline (PBS, Thermo Fisher Scientific, 10010023), and resuspended in RPMI 1640 

medium (Sigma-Aldrich, R8758) supplemented with 20 % FBS (Thermo Fisher Scientific, 

F7524) and 10 % DMSO (SERVA Electrophoresis GmbH, 20385.01). All samples were 

cryopreserved in liquid nitrogen until further analysis. 

 

3.2.2 Tumor models 
3.2.2.1 Transgenic Eµ-TCL1 mice 

Eµ-TCL1 (TCL1) transgenic mice were bred in the central animal facility of the German 

Cancer Research Center (DKFZ, Heidelberg). The mouse line was maintained by crossing 

heterozygous TCL1 with wild-type (WT) C57BL/6 littermates, resulting in an approximately 1:1 

ratio of WT and heterozygous TCL1 mice. Two colonies of TCL1 mice were bred separately in 

order to maintain the N and J C57BL/6 substrains. The respective substrain background was 

confirmed via SNP analysis of tissue DNA using the Genome Scanning Service from The 

Jackson Laboratory (Bar Harbor). TCL1 mice were closely monitored for signs of illness, and 

leukemia development was confirmed by palpable splenomegaly and detection of CD5+ CD19+ 

leukemia cells in PB at an age of 10 to 15 months. Mice were sacrificed when reaching a 

specified time point or moribund state, and spleens were collected, processed and 

cryopreserved as described in Section 3.2.2.5. 

Mice genotyping was performed using tail tissue DNA. Briefly, tissue was enzymatically 

digested by incubation in DirectPCR Lysis Reagent (Viagen Biotech, 101-T) containing 

Proteinase K (20 mg/mL, Thermo Fisher Scientific, 11826724) at 56 °C overnight followed by 

an incubation at 80 °C for 45 min the next day. PCR master mix was then prepared by adding 

1:20 of lysate and 0.5 mM of forward (5-GCCGAGTGCCCGACACTC-3) and reverse (5-

CATCTGGCAGCAGCTCGA-3) primers to 1X Prima Amp Hot Start Master Mix (Steinbenner 

Laborsysteme, SL-9714-10ml). The PCR reaction was performed in a MasterCycler EP 

Gradient S (Eppendorf) with the following settings:  

Step Temperature Time (hh:mm:ss) 
1 95 °C 00:02:00 

2 95 °C 00:00:10 

3 59 °C 00:00:10 

4 72 °C 00:00:25 

5 Go to Step 2, x34 (35 cycles) 

6 72 °C 00:03:00 
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Samples were run on a 1 % (w/v) agarose gel, stained with ethidium bromide (Carl Roth, 

2218), and imaged using a UV-Gel documentation system (BioRad). 

 

3.2.2.2 TCL1 Adoptive Transfer 

TCL1 mice with tumor loads of more than 85 % were used for a first round of adoptive 

transfer (AT) of leukemia cells into C57BL/6 wild type (WT) recipients. In short, single-cell 

suspensions of TCL1 splenocytes were prepared and 1-1.5 x107 cells were injected into the 

tail vein (i.v.) or the peritoneal cavity (i.p.) of 8-12 weeks-old WT female mice. These 

transplanted mice reached end-stage disease between 3 and 5 months. One-time expanded 

leukemia cells were next used for the actual AT experiments in which WT, Rag2-/-, Il10 reporter 

(Fir x Tiger), or bone marrow chimeric mice were injected. The specific procedure used for 

adoptive transfer in Rag2-/- and bone marrow chimeric mice is detailed in Sections 3.2.2.3 and 

3.2.2.4 respectively. The AT experiments in WT mice were conducted as follows: splenocytes 

from TCL1 AT mice were thawed, washed, and enriched for leukemic B-cells by using the 

EasySepTM Mouse Pan-B Cell Isolation Kit (Stemcell Technologies, 19844) according to 

manufacturer’s instructions. Specifically, single-cell suspensions were resuspended in MACS 

buffer (Miltenyi Biotec, 130-091-221) at a concentration of 1 x108 cells/mL, and 50 µL/mL 

Normal Rat Serum (Jackson ImmunoResearch Laboratories, 012-000-120) was added prior 

to incubation with 50 μL/mL antibody Isolation Cocktail (Stemcell Technologies, 19844) for 5 

min at room temperature. Next, 50 μL/mL RapidSpheres™ were added following a 2.5 min 

incubation step at room temperature. Sample-containing tubes were subsequently placed into 

an Easysep Magnet (Stemcell Technologies) and magnetic-based cell separation was allowed 

by incubation for 2.5 min at room temperature. B-cells were recovered by pouring the non-

bound cell suspension into a new collection tube. Finally, cells were counted using a Vi-CELL 

XR 2.03 cell counter (Beckman Coulter Inc.) and resuspended to a concentration of 1 x108 

cells/mL in PBS in order to intravenously inject 1 x107 cells. Tumor growth in injected mice was 

monitored by flow cytometry staining of CD5+ CD19+ cells from PB every two weeks. 

Importantly, all adoptive transplantations were performed with animals of the same J or N 

substrain for donor and recipient mice, to avoid allograft rejection (Ozturk et al. 2019). TCL1 

AT experiments in WT and Fir x Tiger mice were conducted in collaboration with Dr. Philipp 

Rößner and Dr. Bola Hanna from the Department of Molecular Genetics in the German Cancer 

Research Center (DKFZ), Heidelberg. 

 

3.2.2.3 Adoptive T-cell and tumor transfer into Rag2 KO mice 
Adoptive transfer of T-cells and TCL1 AT tumor cells into Rag2-/- mice was performed over 

two sequential days. On day 1, Eomes-/-, Il10rb-/- and their respective WT control mice Eomes+/+ 

and C57BL/6 J, were sacrificed and spleens were collected and processed as detailed in 
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Section 3.2.2.5 for obtaining single-cell suspensions. Next, CD4+ or CD8+ T-cells were isolated 

using the EasySep Mouse CD4+ T-cell isolation kit or the EasySep Mouse CD8+ T-cell isolation 

kit (both from Stemcell Technologies, 19852 and 19853) respectively, applying the 

manufacturer’s instructions. In brief, cells were resuspended at a concentration of 2 x108 

cells/mL in MACS Buffer (Miltenyi Biotec, 130-091-221) and 50 µL/mL Normal Rat Serum 

(Jackson ImmunoResearch Laboratories, 012-000-120) was added. Cells were next incubated 

for 10 min at room temperature with 50 μL/mL antibody Isolation Cocktail before 125 μL/mL 

RapidSpheres™ were added to the mix and incubated for 10 min at room temperature. Lastly, 

cells were placed into the Easysep Magnet (Stemcell Technologies) for 2.5 min at room 

temperature, and unbound T-cells were collected in new tubes. Finally, cells were counted, 

resuspended in PBS, and 1 x106 cells were intravenously injected. T-cells were isolated from 

2-3 mice and pooled together for injection. On day 2, frozen splenocytes from TCL1 AT were 

retrieved and T-cell depleted using CD90.2 beads (CD90.2 MicroBeads, 130-121-278) 

following the provider’s recommendations. First, thawed cells were washed by centrifugation 

at 300 g for 5 min and resuspended in PBS. Next, cells were resuspended in ice-cold MACS 

buffer (90 μL per 1 x107 cells) and incubated with CD90.2 beads (10 μL per 1 x107 cells) for 

15 min at 4 °C. Excess beads were removed by addition of MACS buffer and centrifugation at 

300 g for 5 min before adjusting cell concentration to 0.5 x108 cells/mL. Thereafter, the cell 

suspension was applied onto a magnetic LS column (Miltenyi Biotec, 130-042-401) located in 

a QuadroMACS Separator (Miltenyi Biotec) and the run-through solution containing non-T-

cells was collected in a new tube. Finally, cells were counted, adjusted to a concentration of 5 

x107 cells/mL and 100 μL of cell suspension were injected intravenously in 6-8 weeks old Rag2-

/- female mice. The purity of both T-cells and tumor cells was typically above 90 %, as assessed 

by fluorescence-activated cell sorting (FACS) immunostaining. Tumor and T-cell expansion in 

Rag2-/- mice was measured weekly by submandibular blood withdrawal and subsequent whole-

blood FACS staining, as detailed in Section 3.2.3.3. Mice were closely monitored for disease 

symptoms and were sacrificed at the study endpoint, 4-5 weeks after AT, by increasing CO2 

concentration. Spleen and inguinal LNs were dissected and processed as described in Section 

3.2.2.5.  

 

3.2.2.4 Generation of Eomes bone marrow chimeric mice 
Rag2-/- mice, which lack mature T- and B-cells (Shinkai et al. 1992), were used as recipient 

for the generation of BM chimera, as it was previously observed that irradiation does not 

entirely deplete T-cells in host C57BL/6 mice, resulting in incomplete chimerism in the T-cell 

compartment of C57BL/6 chimera (data not shown, inhouse observation). Mice were subjected 

to whole-body irradiation in a Gammacell 40 Exactor (Best Theratronics) receiving two doses 

of 550 Rad at two time points 3 h apart. The following day, lethally irradiated Rag2-/- mice were 



3 Materials and Methods   3.2 Methods 

 56 

reconstituted with BM cells from Eomes-/- or Eomes+/+ mice. BM cell suspensions were 

prepared as follows: Eomes-/- and Eomes+/+ mice were sacrificed, their femurs and tibias were 

dissected, and BM cells were flashed out by injection of PBS + 2 % FBS into the bone marrow 

with a 25 G needle. For removal of cell clumps and generation of single-cell suspensions, cells 

were filtered through a 70 μm cell strainer (Corning, 352350), and subsequently washed once 

by centrifuging at 300 g for 5 min and resuspending in PBS + 2 % FBS. Next, mature T-cells 

were depleted by incubation with CD90.2 beads (CD90.2 MicroBeads, Miltenyi Biotec, 130-

121-278) and subsequent column-based magnetic cell isolation strictly applying 

manufacturer’s instructions. Cells were washed with PBS and centrifuged at 300 g for 5 min 

prior to incubation with CD90.2 beads (10 μL per 1 x107 cells) in MACS buffer (90 μL per 1 

x107 cells, Miltenyi Biotec, 130-091-221) for 15 min at 4 °C. After a washing step, cells were 

resuspended at a concentration of 0.5 x108 cells/mL in MACS buffer and applied to a LS 

column placed in a QuadroMACS Separator (Miltenyi Biotec). Non-labeled cells flowing 

through the column were collected, centrifuged and resuspended in PBS to adjust the 

concentration at 2.5 x107 cells/mL. Finally, 200 μL of the cell suspension were intravenously 

injected into Rag2-/- mice. After BM transplantation, mice were provided for 3 weeks with soft 

food and water containing 400 mg/mL antibiotic Cotrim K (contains Trimethoprim and 

sulfamethoxazole, Ratiopharm, 3788230) to prevent infections. Four weeks later, complete 

BM reconstitution was evaluated by FACS immunostaining of major immune cell types present 

in peripheral blood (as assessed by CD3, CD19, CD4, CD8, CD11b, CX3CR1, and CD45). 

Once complete chimerism was achieved, i.e. 6 weeks after BM injection, leukemia cells were 

retrieved from frozen TCL1 AT splenocytes and depleted of T-cells using CD90.2 beads 

(CD90.2 MicroBeads, Miltenyi Biotec, 130-121-278) as detailed above. The resulting cell 

suspension was adjusted to a concentration of 5 x107 cell/mL and 100 μL were i.p. transferred 

to mice. Tumor growth was monitored every second week by peripheral blood immunostaining, 

as explained in Section 3.2.3.3. At the experimental endpoint, mice were sacrificed by 

increasing CO2 concentration and spleens were dissected to be processed (see Section 

3.2.2.5) and immunostained for FACS analysis (see 3.2.3.3). 

 

3.2.2.5 Mouse organ collection and processing 
PB was obtained via submandibular vein or cardiac puncture, collected in 

ethylenediaminetetraacetic acid (EDTA)-coated tubes (Greiner Bio-one, 450532) and stained 

for FACS analysis as described in Section 3.2.3.3.  

Dissected inguinal LNs were dissociated using a 70 µm Falcon Cell strainer (Corning, 

352350) and single cells were collected in tubes with PBS supplemented with 2 % FBS. Cells 

were counted and centrifuged for 5 min at 300 g in order to be subsequently resuspended in 
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PBS containing 2 % FBS at a concentration of 3 x107 viable cells/mL for immunostainings (see 

Section 3.2.3.1).  

Spleens were collected in Gentle MACS tubes C (Miltenyi Biotec, 130-093-237) with RPMI 

medium (Sigma-Aldrich, R8758) supplemented with 10 % FBS and 1 % P/S and single-cell 

suspensions were generated with a gentleMACS tissue dissociator (Miltenyi Biotec). 

Erythrocytes were lysed by incubation with red blood cell (RBC) Lysis Buffer (Biolegend, 

420301) for 5 min at room temperature. The reaction was stopped by addition of PBS and cells 

were centrifuged at 300 g for 5 min. For removal of clumps, cells resuspended in ice-cold PBS 

were filtered through a 70 μm cell strainer (Corning, 352350). After counting, the cell 

concentration was adjusted according to the subsequent use: for immunostainings to 3 x107 

cells/mL in FACS buffer (PBS + 2 % FBS) (see Sections 3.2.3.1 and 3.2.3.2), or for 

cryopreservation in liquid nitrogen to 1 x108 cells/mL in freezing media (90 % FBS + 10 % 

DMSO).  

 

3.2.3 Flow Cytometry analysis 
3.2.3.1 Cell surface staining 

Single-cell suspensions were immunostained with antibodies against cell surface proteins 

(Table 4) in FACS buffer containing 0.1 % fixable viability dye (Thermo Fisher Scientific, 65-

0866-14) for 30 min at 4 °C. Cells were subsequently washed twice by centrifuging at 300 g 

for 5 min and resuspending in FACS buffer. When direct analysis was not possible, cells were 

fixed with IC fixation buffer (Thermo Fisher Scientific, 00-8222-49) for 30 min at room 

temperature, washed twice with FACS buffer, and stored in FACS buffer at 4 °C in dark 

conditions until being analyzed by flow cytometry. 

 

3.2.3.2 Staining of intracellular proteins and transcription factors  
For transcription factor or intracellular cytokine staining, cell surface-stained cells were fixed 

for 30 min at room temperature with Foxp3 fixation/permeabilization buffer (Thermo Fisher 

Scientific, 00-5523-00). After a washing step with FACS buffer, cells were permeabilized for 

30 min at room temperature with 1X permeabilization buffer (Thermo Fisher Scientific, 00-

8333-56). Intracellular staining with antibodies against transcription factors or cytokines (Table 

4) was performed in 1X permeabilization buffer for 30 min at room temperature. Excess 

antibodies were washed twice with 1X permeabilization buffer and cells were resuspended in 

1X permeabilization buffer and stored at 4°C in dark conditions until they were analyzed by 

flow cytometry. 
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3.2.3.3 Whole-blood staining 
In order to analyze peripheral blood of mice by FACS immunostaining, 25 µL of blood were 

stained with antibodies against cell surface proteins (Table 4) for 30 min at 4 °C. Blood was 

then incubated with 2 mL of 1X 1-Step Fix/Lyse Solution (Thermo Fisher Scientific, 00-5333-

57) for 15 min at room temperature in dark conditions for erythrocytes lysis and cell fixation. 

Cells were spun down at 600 g, and the pellet was resuspended in 150 µL of PBS. To obtain 

absolute cell numbers, 25 µL of 123count eBeads™ (Thermo Fisher Scientific, 01-1234-42) 

were added to the samples right before flow cytometric measurement. Absolute cell numbers 

in PB were calculated using the following formula:  

 

𝑎𝑏𝑠𝑜𝑙𝑢𝑡𝑒	𝑐𝑜𝑢𝑛𝑡	(𝑐𝑒𝑙𝑙𝑠/µL) = 	2
𝑐𝑒𝑙𝑙	𝑐𝑜𝑢𝑛𝑡 × 𝑏𝑒𝑎𝑑	𝑣𝑜𝑙𝑢𝑚𝑒
𝑏𝑒𝑎𝑑	𝑐𝑜𝑢𝑛𝑡 × 𝑐𝑒𝑙𝑙	𝑣𝑜𝑙𝑢𝑚𝑒7

× 𝑏𝑒𝑎𝑑	𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 

 

3.2.3.4 Cell sorting 
Single-cell suspensions from LNs of CLL patients were retrieved by partially thawing vials 

of cryopreserved cells in order to preserve unused cells. Single-cell suspensions from TCL1 

AT splenocytes were prepared as detailed in Section 3.2.2.5. Samples were stained for cell 

surface proteins for 30 min. After two washing steps with PBS, cells were resuspended in PBS 

+ 5 % FBS containing 0.2 µg/mL 4’,6-diamidino-2-phenylindole (DAPI) prior cell sorting. The 

gating strategy for CD3+ T-cell and CLL cell sorting is depicted in Figure 5. Cells were sorted 

in PBS + 2 % FBS using a BD FACSAriaTM II or BD FACSArisa Fusion (both from BD 
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Figure 5: Gating strategy for FACS sorting of CLL cells and CD3+ T-cells from human 
LN and murine spleen. Cell debris (identified by SSC-A vs. FSC-A) and doublets (identified 
by FSC-H vs. FSC-A) were first excluded followed by selection of viable cells (cells negative 
for viability dye). Leukocytes were then selected (CD45+) and CLL cells were identified as 
CD5+ CD19+, and T-cells as CD3+ CD19-. 
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Biosciences) cell sorter with FACSDiva Software (BD Biosciences). The purity of cells after 

sorting was above 95 %. 

 

3.2.3.5 Data acquisition and analysis 

Cell fluorescence was assessed using a BD LSRFortessaTM or a FACS Canto II (both from 

BD Biosciences) flow cytometer, and data was analyzed using FlowJo X 10.0.7 software 

(FlowJo). In each experiment, single fluorochrome stainings were used to compensate for 

spectral overlap, which was corrected both before sample acquisition and when analyzing the 

data with FlowJo. Fluorescence minus one (FMO) controls were employed for proper gating 

of positive cell populations. FMO-normalized Mean Fluorescence Intensity (nMFI) for unimodal 

distributions or percentage of positive cells for bimodal distributions were determined for 

populations of interest. The standard gating strategy for analysis of CLL cells and T-cells is 

depicted in Figure 6. 

 

 
Figure 6: Gating strategy for T-cell subsets and tumor identification from murine spleen. 
(A) Gating of leukocytes was performed by exclusion of cell debris (identified by SSC-A vs. 
FSC-A) and doublets (identified by FSC-H vs. FSC-A), selection of live cells (cells negative for 
viability dye) and selection of CD45+ cells (SSC-A vs. CD45+). (B) T-cell gating was performed 
on leukocytes and based on CD3+ CD8+ for CD8+ T-cells as exemplified, or CD3+ CD4+ for 
CD4+ T-cells. Naïve (CD127+ CD44-), memory (CD127+ CD44+) and effector (CD127- CD44+) 
cell subsets were identified as well. (C) CLL cells were gated as CD5+ CD19+ cells after 
leukocyte selection. 
 

3.2.4 Ex vivo T-cell functional assays 
Single-cell suspensions of mouse splenocytes were resuspended in DMEM medium 

(Sigma-Aldrich, D6046) supplemented with 10 % FBS (Sigma-Aldrich, F7524), 100 µg/mL P/S 

(Thermo Fisher Scientific, 15140122), 2mM L-glutamine (Thermo Fisher Scientific, 25030024), 

10 mM Hydroxyetyl-Piperazineethane-Solfonic Acid (HEPES, Thermo Fisher Scientific, 
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15630056), 55 µM ß-mercaptoethanol (Thermo Fisher Scientific, 21985-023), 1 mM sodium 

pyruvate (Thermo Fisher Scientific, 11360039) and 100 µM non-essential amino acids 

(Thermo Fisher Scientific, 11140035), at a concentration of 3x107 cells/mL. Cells were seeded 

in 96-well plates and cultured with cell stimulation cocktail (Thermo Fisher Scientific, 00-4970-

93) and protein transport inhibitor cocktail (Thermo Fisher Scientific, 00-4980-93) for 6 h at 

37°C and 5 % CO2. CD107a antibody (Thermo Fisher Scientific, 12-1071-83) was added to 

the culture for assessment of degranulation capacity. Next, cells were washed twice with FACS 

buffer and immunostained for cell surface and intracellular proteins as described in Section 

3.2.3.2. 

 

3.2.5 Identification of chromatin states and RNA-seq tracks of the EOMES locus 
Chromatin immunoprecipitation sequencing (ChIP-seq) data from antibodies detecting 

histone modifications H3K4me, H3K4me1m, H3K27ac, H3K36me3, H3K27me3, and 

H3K9me3 was downloaded from the Blueprint Epigenome Consortium (The BLUEPRINT 

Consortium 2016, www.blueprint-epigenome.eu) for the following cell types: CD8+ memory T-

cells, CD8+ T-cells, CD4+ memory T-cells, CD4+ T-cells, NK cells, naïve B-cells, germinal 

center (GC) B-cells, memory B-cells, plasma cells, mature neutrophils, eosinophils and 

monocytes. Chromatin state assignment was performed using the chromHMM pipeline (Ernst 

and Kellis 2012; Beekman et al. 2018), and all profiles were corrected using their 

corresponding input. Each chromatin state was assigned for a 200 bp window. In addition, 

.bigWig tracks from the above-mentioned cell subtypes were downloaded from the Blueprint 

Epigenome Consortium, and aligned to the GRCh38 genome using unique mappings. The 

chromatin state assignments and RNA-seq alignments were performed by Dr. Vicente 

Chapaprieta from the Institut d’Investigacions Biomèdiques August Pi I Sunyer (IDIBAPS, 

Barcelona). 

 

3.2.6 Mass Cytometry by Time of Flight (CyTOF) analysis  
Sample preparation, data acquisition and initial data processing described in 3.2.6.1, 

3.2.6.2, and 3.2.6.3 were performed by Dr. Marina Wierz from the Department of Oncology in 

the Luxembourg Institute of Health (LIH, Luxembourg) as part of a cooperation project. 

 

3.2.6.1 CyTOF panel and metal labeling of antibodies 
A panel of 42 heavy metal-labeled antibodies for detection of both surface and intracellular 

proteins was adopted from Bengsch et al. and modified based on literature research in order 

to characterize diverse T-cell phenotypes (Bengsch et al. 2018). The complete list of proteins 

detected and the heavy metal-conjugated antibodies used are listed in Table 3. Where no 

heavy metal-conjugated antibodies were commercially available, coupling of heavy metal to 
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respective antibodies was performed using the Maxpar® X8 Multimetal Labeling kit (Fluidigm, 

201300) following the manufacturer’s instructions. 

 

3.2.6.2 Sample preparation 

Frozen cell suspensions were thawed and washed prior to incubation in 15 mL of pre-

heated RPMI 1640 (Sigma-Aldrich, R8758) containing 10 % FBS (Sigma-Aldrich, F7524) in a 

roller incubator for 30 min at room temperature. Cells were filtered through a 100 µm cell 

strainer (CellTrics, 04-004-2328) to remove dead cells. Next, B-cell depletion was performed 

using human CD19 microbead (Miltenyi Biotec, 130-050-301) labeling according to the 

manufacturer’s protocol. In brief, cells were incubated with CD19 Microbeads for 15 min at 4 

°C, washed, resuspended in MACS buffer (Miltenyi, 130-091-221) and loaded onto MACS® 

LS Columns (Miltenyi Biotec, 130-042-401) placed in a MidiMACSTM Separator (Miltenyi 

Biotec). Finally, the flow-through fraction containing unlabeled CD19- cells was collected, 

washed in MACS buffer, filtered through a 70 µm cell MACS SMartStrainer (Miltenyi Bitec, 

130-098-462), and counted prior to mass cytometry processing. 

 

3.2.6.3 Cell staining and CyTOF sample acquisition 

CD19-depleted single-cell suspensions were stained as previously described (Wierz et al. 

2018). Briefly, cells were stained with 5 µM cisplatin (Cell-ID Cisplatin, Fluidigm, 201064) for 5 

min in order to label dead cells. Cells were then washed with PBS + 0.5 % FBS and centrifuged 

at 500 g for 10 min. Cell surface staining was performed by adding the antibody-cocktail and 

incubating for 30 min at room temperature. After a washing step, cells were fixed with 

Fixation/Permeabilization buffer (Thermo Fisher Scientific, 88-8824-00) following the 

manufacturer’s instructions. Intracellular staining was performed by incubating the antibody-

cocktail for 30 min at room temperature. After a washing step, cells were stained with cell-ID 

Intercalator-Ir (Fluidigm, 201192A) in fixation and permeabilization solution, followed by 

another two washing steps with PBS and ddH2O, respectively. Prior to acquisition, cells were 

resuspended at a concentration of 5 x 105 cells/mL in ddH2O with 1:10 calibration beads (EQ 

Four Element Calibration Beads, Fluidigm, 201078). Samples were analyzed at a flow rate of 

0.03 mL/min with the Helios mass cytometer (Fluidigm) at the National Cytometry Platform 

(NCP) of the Luxembourg Institute of Health (LIH, Luxembourg). Initial data processing and 

quality control were performed by the NCP, where flow cytometry standard (FCS) files were 

normalized with EQ beads using the HELIOS instrument acquisition software (Fluidigm, 

version 6.7.1014). 

As a first analysis step, samples were pre-gated as follows: gates were placed on cells 

(Beads vs. Ir191), singlets (Ir193 vs. Ir191) and live cells (Pt195-). Next, non-B immune cells 

(CD19- CD45+) and CD3+ T-cells (CD3+ NCAM-) were selected, and finally, either CD4+ or 
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CD8+ (CD4+ vs. CD8+) cells were gated and exported as .fcs files. CD4+ and CD8+ cells were 

further analyzed in close collaboration with Dr. Yashna Paul. The present study focuses on the 

analysis of CD8+ T-cells, whereas a detailed investigation of the CD4+ T-cell dataset can be 

found elsewhere (Paul 2020). 

 

3.2.6.4 Mass cytometry data processing and sample clustering 

All raw data .fcs files together with their metadata files containing sample ID and staining 

information were merged into a flowSet object using flowCore package (Hahne et al. 2009). 

Signal intensities for each marker were arcsinh-transformed using a co-factor of 5 (default) 

(Bruggner et al. 2014). Sample quality was assessed based on library size per sample and an 

analysis of cell counts, with the later ranging from 333 to 1.57 x 105 cells. Multi-dimension 

scaling (MDS) plotting using median arcsinh-transformed marker expression for all cells in 

each sample was used for sample clustering analysis. Data processing and analysis was 

performed by Dr. Yashna Paul from the Molecular Genetics Division (B060) in the German 

Cancer Research Center (DKFZ, Heidelberg).  

 

3.2.6.5 Mass cytometry single-cell clustering  
Cytometry data analysis tools (CATALYST, (Chevrier et al. 2018)) R package containing 

FlowSOM (Van Gassen et al. 2015) and ConsensusClusterPlus (Wilkerson and Hayes 2010) 

metaclustering methods was used for cell cluster identification using all cells from all samples. 

Clustering was performed using arcsinh-transformed expression of 32 markers, i.e., excluding 

the markers that were utilized for cell population gating. The maximum number of clusters 

allowed to be evaluated was set to maxK = 14, after biological relevance of obtained clusters 

was assessed, and k < 14 and k > 14 were verified to be underfitting or overfitting, respectively. 

Cell clustering was visualized using a t-distributed stochastic neighbor embedding (t-SNE) 

algorithm, displaying 1 x103 random cells from each sample in order to reduce computation 

time. The robustness of this approach was evaluated by repeatedly plotting an increasing 

number of randomly picked cells from each sample, with a range of 200 to 1,000 cells, and 

evaluating the similarity of the 14 subpopulations recognized in the respective t-SNE plots. 

Bioinformatic data analysis was performed in collaboration with Dr. Yashna Paul. For cell 

subset annotation, combined expression of lineage markers as well as unique expression of 

activation and exhaustion-related markers was considered.  

 

3.2.6.6 Correlation of cluster proportions with clinical data 

The clinical data summarized in Table 1 was correlated with the cluster abundance for every 

CLL patient sample. Briefly, the following clinical parameters were categorized into the 

following balanced sets: sex (female/ male), IGHV mutation status (mutated/ unmutated), Binet 
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stage (A/ B, C), Rai stage (0, I/ II, III, IV), time to first treatment (> 16.4 months/ <16.4 months), 

and treatment status (treated/ untreated). Next, the enrichment or depletion of clusters in each 

condition was calculated using a Mann-Whitney U test. Additionally, the parameters age, % of 

tumor cells, and time to first treatment were correlated with cluster abundances using Pearson 

correlations. 

 

3.2.7 Single-cell transcriptome analyses  
3.2.7.1 Single-cell RNA sequencing of CD3+ T-cells from lymph nodes of CLL patients 

Three CLL LN samples were processed for single-cell RNA sequencing. CD3+ T-cells and 

CLL cells from these samples were sorted as described in Section 3.2.3.4, and single-cell 

transcriptomes were generated using the Chromium Next GEM Single Cell V(D)J Reagent Kits 

v1.1 (10x Genomics, PN-1000167, PN-1000020, PN-1000005, PN-1000127, PN-1000213) 

following the manufacturer’s protocol. Briefly, for a target cell recovery of 5,000 cells, the 

concentration of T-cells was adjusted to 1 x103 cells/µL and tumor cells were added at a ratio 

of 1:20. Cells were then loaded into the Single Cell A Chip (Chromium™ Single Cell A Chip 

Kit, 10x Genomics, PN-1000009) together with Reverse Transcription (RT) Master Mix (10x 

Genomics, PN-1000011). Gel beads (10x Genomics, PN-1000010) and partitioning oil (10x 

Genomics, PN-1000009) were subsequently loaded into respective wells of the chip, before 

placing it into the Chromium Controller (10x Genomics). In the Chromium Controller, nanoliter 

scale Gel Beads-in-emulsion (GEMs) are generated, each containing a single cell. Inside the 

GEM, the cell is lysed and its polyadenylated transcripts bind the barcoded bead. Such 

barcodes consist of a unique 10 nucleotide sequence named unique molecular identifier (UMI), 

which are later used during the data analysis process to link each transcript to its respective 

cell. 

Next, GEMs were retrieved from the chip, placed in PCR tubes, and reverse transcription 

of poly-adenylated mRNA was performed in a thermal cycler (Bio-Rad Laboratories) with the 

following protocol: 

Step Temperature Time (hh:mm:ss) 
1 53 °C 00:45:00 

2 85 °C 00:05:00 

3 4 °C Hold 

 

GEMs were subsequently broken by addition of Recovery Agent (10x Genomics, PN-

1000009), and pooled cDNA was purified from GEM-RT reaction mixture as follows: 

Dynabeads Cleanup Mix (10x Genomics, PN-2000048) were added, and a 10x Magnetic 

Separator (10x Genomics) was used to pool beads for removal of supernatant containing 

GEM-RT reagents. After washing with 80 % ethanol, Elution Solution I (10x Genomics, PN-
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1000011) was added for recovery of 5’ Gene Expression (GEX) cDNA. Full length GEX cDNA 

was subsequently amplified by adding cDNA Amplification Mix (10x Genomics, PN-1000011) 

and incubated in a thermal cycler following the protocol below. 

Step Temperature Time (hh:mm:ss) 
1 98 °C 00:00:45 

2 98 °C 00:00:20 

3 67 °C 00:00:30 

4 72 °C 00:01:00 

5 Go to Step 2, 13x (14 cycles) 

6 72 °C 00:01:00 

7 4 °C Hold 

 

Amplified GEX cDNA was purified using Agencourt AMPure beads (Beckman Coulter, 

A63881) and 80 % ethanol in a 10x Magnetic Separator (10x Genomics, PN-230003) before 

proceeding to quality control (QC) and quantification in a 4200 TapeStation (Agilent 

Technologies). Next, 2 µL cDNA were transferred to new tubes for target enrichment of V(D)J 

segments via PCR amplification using CDR3 region-specific primers (10x Genomics, PN- 

1000005). In brief, Target Enrichment 1 Reaction Mix (10x Genomics, PN-1000011 and 

1000005) was added and samples were incubated in a thermal cycler with the following 

protocol: 

Step Temperature Time (hh:mm:ss) 
1 98 °C 00:00:45 

2 98 °C 00:00:20 

3 67 °C 00:00:30 

4 72 °C 00:01:00 

5 Go to Step 2, 9x (10 cycles) 
 

6 72 °C 00:01:00 

7 4 °C Hold 

 

Amplified V(D)J-enriched cDNA was then cleaned using Agencourt AMPure beads and 80 

% ethanol in a 10x Magnetic Separator prior to the addition of Target Enrichment 2 Reaction 

Mix (10x Genomics, PN-1000011 and 1000005) and incubating in a thermal cycler using the 

protocol listed as above. Enriched cDNA was cleaned, and size selected using Agencourt 

AMPure beads and 80 % ethanol in a 10x Magnetic Separator prior to QC and quantification 

in a 4200 TapeStation (Agilent Technologies). Library preparation from 50 ng of V(D)J-

enriched cDNA was performed by adding Fragmentation Mix (10x Genomics, PN-1000011) to 

the samples and placing them into a thermal cycler with the following settings: 
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Step Temperature Time (hh:mm:ss) 
Fragmentation 32 °C 00:02:00 

End Repair & A-tailing 65 °C 00:30:00 

Hold 4 °C Hold 

 

Subsequently, Adaptor Ligation Mix (10x Genomics, PN-1000011) was added and samples 

were further incubated as detailed: 

Step Temperature Time (hh:mm:ss) 
1 20 °C 00:15:00 

2 4 °C Hold 

 

Reaction reagents were removed using Agencourt AMPure beads and 80 % ethanol in a 

10x Magnetic Separator, and Sample Index PCR Mix (10x Genomics, PN-1000011 and PN-

120262) was added prior to incubation in a thermal cycler with the following settings: 

Step Temperature Time (hh:mm:ss) 
1 98 °C 00:00:45 

2 98 °C 00:00:20 

3 54 °C 00:00:30 

4 72 °C 00:00:20 

5 Go to Step 2, 8x (9 cycles) 

6 72 °C 00:01:00 

7 4 °C Hold 

 

The library was cleaned up with Agencourt AMPure beads and 80 % ethanol in a 10x 

Magnetic Separator, and final QC and quantification were performed before sequencing. 

 

For library construction of GEX cDNA, Fragmentation Mix was added to 50 ng of sample, 

and the resulting mixture was incubated in a thermal cycler as follows: 

Step Temperature Time (hh:mm:ss) 
Fragmentation 32 °C 00:05:00 

End Repair & A-tailing 65 °C 00:30:00 

Hold 4 °C Hold 

 

Samples were next size-selected using Agencourt AMPure beads and 80 % ethanol in a 

10x Magnetic Separator, prior to addition of Adaptor Ligation Mix and incubation in a thermal 

cycler with the following settings: 
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Step Temperature Time (hh:mm:ss) 
1 20 °C 00:15:00 

2 4 °C Hold 

   

A cleaning step using Agencourt AMPure beads and 80 % ethanol in a 10x Magnetic 

Separator was performed before adding Sample Index PCR Mix and incubating in a thermal 

cycler with the following settings: 

Step Temperature Time (hh:mm:ss) 
1 98 °C 00:00:45 

2 98 °C 00:00:20 

3 54 °C 00:00:30 

4 72 °C 00:00:20 

5 Go to Step 2, 15x (16 cycles) 

6 72 °C 00:01:00 

7 4 °C Hold 

 

Constructed libraries were purified by using Agencourt AMPure beads and 80 % ethanol in 

a 10x Magnetic Separator, and QC was performed before sequencing. 

GEX libraries were sequenced on a HiSeq 4000 machine (Illumina) using a Paired-End (26 

+ 74 bp) setup or on a NovaSeq 6000 (Illumina) with a Paired-End (28+94 bp) S1 setup, and 

V(D)J-enriched libraries were sequenced on a NextSeq 550 (Illumina) using a Paired-End (150 

bp) configuration at the High Throughput Sequencing Unit of the Genomics and Proteomics 

Core Facility at the German Cancer Research Center (DKFZ, Heidelberg). 

 

3.2.7.2 Single-cell RNA sequencing of CD3+ T-cells from splenocytes of TCL1 AT 
mouse model 

Two TCL1 AT mouse spleen samples were processed for single-cell RNA sequencing. Mice 

were euthanized and dissected spleens were processed as described in Section 3.2.2.5. 

Samples were subsequently FACS-sorted as described in Section 3.2.3.4. Sorted CD3+ T-

cells were resuspended to a concentration of 1 x103 cells/mL and tumor cells were added at a 

ratio of 1:20. Single-cell transcriptomes were generated using the Chromium Single Cell V(D)J 

Reagent Kits (10X Genomics, PN-1000014, PN-1000020, PN-1000071, PN-1000009 and PN-

120262) following the manufacturer’s instructions. The utilized protocol is detailed in Section 

3.2.7.1 with a minor modification: Target Enrichment 1 Reaction Mix and Target Enrichment 2 

Reaction Mix (both from 10x Genomics, PN-1000011) contained mouse-specific primers for 

V(D)J region amplification (10x Genomics, PN-1000071). GEX libraries were sequenced on a 

NovaSeq 6000 machine (Illumina) with a Paired-End (28+94 bp) S1 setup, and V(D)J-enriched 

libraries were sequenced on a NextSeq 550 (Illumina) using a Paired-End (150 bp) setup at 
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the High Throughput Sequencing Unit of the Genomics and Proteomics Core Facility at the 

German Cancer Research Center (DKFZ, Heidelberg). 

 

3.2.7.3 Data processing, dimensional reduction, cell cluster visualization and 
identification of differentially expressed genes 

Raw reads in .fastq format were aligned to the GRCh38 human reference genome or mm10 

mouse reference genome using the Cell Ranger pipeline (10x Genomics). Sparse count 

matrices for each sample were generated as output files, as well as a quality control report, 

including the estimated number of cells sequenced, mean reads per cell, median genes per 

cell, and Q30 quality score. 

For data normalization, scaling and dimensionality reduction and cell clustering, the Seurat 

v3 toolkit (Butler et al. 2018; Stuart et al. 2019) in R3.5 (The R Fundation, version 3.5) was 

used. First, cells with low-quality data were removed based on the number of genes expressed 

and mitochondrial gene content. Specifically, cells with < 200 genes and cells with > 3,000 

genes, which were considered doublets, as well as cells with > 10 % mitochondrial genes were 

removed. In addition, genes present in < 2 cells were excluded for downstream analysis. 

Hereafter, datasets of the same species (i.e. the three human datasets and the two mouse 

datasets) were merged, and data was transformed and normalized utilizing SCTransform() 

function. Per default the 3,000 most variable genes from each sample were identified and 

considered for canonical correlation analysis (CCA) using the RunCCA() function, and merged 

data sets were integrated into a new dimensional reduction space. The 3,000 most variable 

genes were next selected for principal component (PC) analysis via RunPCA() function. 

Between 15 – 18 PCs were considered for further cell clustering. Using the FindNeighbors() 

function, a shared nearest neighbor graph (SNN) was created, and a hierarchical clustering 

using Louvain algorithm was generated with the FindClusters() function, with the resolution 

parameter set to 0.6. Non-linear dimensional reduction using t-SNE was performed in order to 

visualize the datasets. Finally, FindMarkers() and FindAllMarkers() functions using the non-

parametric Wilcoxon rank sum test identified differentially expressed genes for each cluster, 

with an adjusted (Bonferroni correction) p-value of 0.05 set for considering significance. 

Bioinformatic processing and analysis of the data was performed by Dr. Yashna Paul.  

 

3.2.7.4 Computational separation of CD3+ T-cells into CD8+ and CD4+ cells 
In addition to analysis and cell clustering of total CD3+ T-cells, computational separation of 

CD8+ and CD4+ T-cells was carried out in order to perform a re-clustering and identify further 

cell subsets. For the human CLL LN dataset, cell splitting was performed selecting CD8A- and 

CD4-expressing clusters. For splitting CD8+ and CD4+ cells present in the same cluster, the 

Seurat function CellSelector() was used. The TCL1 AT mouse dataset comprised multiple 
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clusters containing both CD4+ and CD8+ cells, which required cell separation based on a 

calculation of pairwise distances between gene counts and centroids of the 3,000 most 

variable genes between CD4+ and CD8+ specific clusters. Bioinformatic cell separation was 

performed by Dr. Yashna Paul. 

 

3.2.7.5 V(D)J T-cell analysis 

V(D)J transcripts from single cells were aligned and counted using the Cell Ranger pipeline, 

which also generated a quality control report providing the approximate number of cells 

analyzed, mean read pairs per cell, a number of cells with a productive V-J spanning pair, as 

well as a Q30 quality score. In addition, an output file containing TCR α- and β-chain CDR3 

nucleotide sequences and a cell barcode for all single cells was generated. Only productive 

rearrangements were evaluated, and 3 or more cells containing the same α- and β-chain CDR3 

consensus nucleotide sequences were considered cell clones. Because both V(D)J transcripts 

and gene expression data contained common cell barcode IDs, the Seurat workflow allowed 

the mapping of the TCR information into the single-cell t-SNEs. Bioinformatic pipelines for this 

analysis were implemented by Dr. Yashna Paul. 

The VDJdb browser (Bagaev et al. 2020) was used in order to identify CDR3 regions from 

the V(D)J single-cell dataset whose antigen-specificity has been reported. Both TCR α- and β-

chain CDR3 amino acid sequences of the 10 most abundant clones from each sample were 

used for the literature analysis aimed at identifying previously described binding epitopes. 

 

3.2.7.6 Intercellular communication analysis by CellPhoneDB  
The CellPhoneDB pipeline (Vento-Tormo et al. 2018; Efremova et al. 2020) was used in 

order to determine intercellular communications between the identified clusters. A count matrix 

file containing gene expression values for each cell, and a count meta file with cell type 

annotations were used as input, while only considering those genes, for which at least 10 % 

of cells expressed it. The number of statistical iterations was set to 10, and a p-value < 0.05 

was considered significant when determining whether a given interaction is cell-type-specific. 

The bioinformatic pipeline for CellPhoneDB analysis was implemented in collaboration with Dr. 

Murat Iskar from the Molecular Genetics Division (B060) at the German Cancer Research 

Center (DKFZ, Heidelberg). 

 

3.2.8 Correlation between CD8+ T-cells clusters from single-cell RNA 
sequencing and mass cytometry 

For correlating the CD8+ T-cells clusters identified with both single-cell RNA-seq and mass 

cytometry experiments, only the genes and proteins common in both datasets were 

considered. Next, the average profiles per cluster were calculated and these values were 
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mean-centered in comparison to all clusters defined for each of the datasets. The Pearson 

correlation coefficient was next calculated for each pair of mass cytometry versus single-cell 

RNA-seq clusters to identify the most similar between the two datasets. The bioinformatic 

pipeline for subset correlation was programmed by Dr. Murat Iskar from the Molecular Genetics 

Division (B060) at the German Cancer Research Center (DKFZ, Heidelberg). 

 

3.2.9 Statistical analysis 
The Mann-Whitney U test was used to investigate significant differences between two 

groups, while one-way analysis of variance (ANOVA) was used to determine differences 

between more than two groups. Pearson correlation was applied to examine linear correlation 

between cluster proportions per patient and clinical information. All these tests were calculated 

using GraphPad Prism (GraphPad Software). The statistical test used in each case is indicated 

in the corresponding figure legend. A confidence interval of 95 % (p-value of < 0.05) was 

considered for rejection of the null hypothesis. 
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4 Results 

 Dissecting the CD8+ T-cell compartment of CLL using mass 
cytometry and single-cell RNA-seq analyses 

Single-cell technologies are increasingly being used to decipher the complexity of the tumor 

microenvironment of numerous cancers (Tirosh et al. 2016; Zheng et al. 2017; Azizi et al. 2018; 

Guo et al. 2018). The use of such methodologies has revealed a considerable heterogeneity 

of T-cell phenotypes within and between patients (Chevrier et al. 2017; Li et al. 2019; Wagner 

et al. 2019), the understanding of which is crucial to better predict therapy response. In order 

to comprehensively characterize the T-cell compartment associated with CLL, a large-scale 

and high-dimensional analysis of T-cells from CLL patients as well as healthy controls (HC) 

was conducted using both single-cell immunophenotype and transcriptome analyses. 

Specifically, CLL lymph nodes (LNs) together with paired peripheral blood (PB) and bone 

marrow (BM) samples, as well as reactive LNs (rLNs) from HC were investigated using mass 

cytometry with a panel of 42 antibodies. Additionally, single-cell RNA-seq analyses of T-cells 

from 3 CLL LN samples enabled the simultaneous study of their transcriptome and complete 

TCR sequences. The use of this approach facilitated the identification of diverse CLL T-cell 

subtypes with a distinct clonal expansion state, their association with clinical characteristics, 

and their potential cross-talk with tumor cells (Figure 7). This project was conducted in close 

collaboration with Dr. Yashna Paul, who focused her work on the description of the CD4+ T-

cells analyzed (Paul 2020). The present work concentrates on the examination of CD8+ T-

cells, and results obtained are explained in detail in the succeeding sections 4.2 and 4.3.  

Figure 7: Overview of the experimental design to characterize the T-cell compartment 
in CLL. Workflow detailing the processing and number of samples analyzed by single-cell 
RNA-seq and mass cytometry (CyTOF) techniques. The precise methodology used for data 
acquisition and analysis is described in Sections 3.2.6 and 3.2.7. HC = healthy controls, LN = 
lymph node, rLN = reactive lymph node, PB = peripheral blood, BM = bone marrow. 
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 Global CD8+ T-cell profiling of CLL and control tissues by mass 
cytometry 

Phenotypic alterations in the T-cell compartment in CLL patients have been extensively 

reported in PB samples (Totterman et al. 1989; Riches et al. 2013; Palma et al. 2017), but 

corresponding analyses are missing for LN tissue, despite the fact that it represents the main 

location of tumor-T-cell interactions (Burger 2011; Herishanu et al. 2011). To generate a 

complete characterization of the CD8+ T-cell landscape in CLL, 48 samples from CLL LNs, PB, 

BM, as well as rLN of individuals without cancer were investigated using time of flight mass 

spectrometry (CyTOF) with a panel of 42 antibodies. Sample processing and data acquisition 

was performed in collaboration with Dr. Marina Wierz, from Luxembourg Institute of Health 

(LIH), Luxembroug, while data processing and analysis was performed in collaboration with 

Dr. Yashna Paul from the German Research Center (DKFZ), Heidelberg. The analysis yielded 

approximately 1.35 x106 CD8+ T-cells, with a median of 1.11 x104 cells per sample. Using the 

t-SNE algorithm for dimensional reduction (Maaten and Hinton 2008), cells were classified into 

14 clusters which were annotated based on the differential expression of the detected markers 

(Figure 8A and B). The expression of CD45RA, CD45RO and C-C chemokine receptor type 

(CCR) 7 (CCR7) was measured for general T-cell classification, which resulted into 1 naïve 

(TN, CD45RA+, CD45RO-, CCR7+), 1 central memory (TCM, CD45RA-, CD45RO+, CCR7+), 6 

effector memory (TEM, CD45RA-, CD45RO+, CCR7-), and 2 effector (TEF, CD45RA+, CD45RO- , 

CCR7-) subsets. In addition, 3 CD4+ CD8+ double positive (DP) and 1 KI-67+ proliferating 

(Prolif.) clusters were identified. DP2 and PD3 subsets constituted less than 1 % of cells in all 

samples except for two samples, and were therefore not further examined. A more detailed 

analysis of the expression of several markers comprising co-stimulatory (CD244, ICOS, CD27, 

KLRG1, and OX-40) and inhibitory receptors (PD-1, TIGIT and CTLA-4), ectoenzymes (CD73, 

CD39 and CD38), transcription factors (TCF7, TOX, HELIOS, TBET and EOMES) and the 

cytokine GZMK, allowed the identification of several cell subsets, which were hierarchically 

clustered in three subgroups (Figure 8B).  

The first group comprised the two effector subsets, TEF1 and TEF2, and the effector memory 

subset TEM3. These were characterized by a moderate expression of TIGIT, KLRG1 and a high 

expression of the transcription factor TBET. In addition, TEF1 had higher expression levels of 

GZMK and CD27, while TEF2 presented greater expression of both TBET and HELIOS TFs 

(Figure 8B).  
The second group was comprised of subsets with a distinctive high expression of IL7R, 

CCR7 and TCF7, and no expression of activation or exhaustion markers, as expected for naïve 

and central memory cells (Gattinoni et al. 2017). Notably, two effector memory subsets 

presented a similar expression pattern but with significant differences between each other. 
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While TEM4 contained cells with specifically high levels of ICOS and some GZMK expression, 

the other cluster was characterized by the expression of CD25, CTLA-4, as well as CXCR5, 

and was subsequently defined as a subset of follicular CD8+ cells (TFC) (Yu and Ye 2018). 

Interestingly, TFC cells exhibited intermediate expression of both inhibitory and co-stimulatory 

receptors, as well as naïve-related markers like TCF7, CCR7 and IL7R (Figure 8B).  

Figure 8: CD8+ T-cell landscape of CLL patients. (A) t-SNE plot of the 14 clusters identified 
with all analyzed samples. 1 x103 cells of each sample are depicted. (B) Heatmap showing 
median (arcsinh-transformed) protein expression of the 30 markers considered (columns) for 
each cluster (rows) identified. Both markers and clusters were grouped based on hierarchical 
clustering (with Pearson correlation and complete linkage). The three groups of clusters are 
indicated. (C) Hierarchical clustering (with Pearson correlation and complete linkage) of 
samples based on the CD8+ T-cell subset abundances in each sample. The five groups of 
samples identified are indicated. Cell subsets are color-coded as defined in (A). Row 
annotations (left) indicate sample condition (tumor or control), tissue of origin (BM, bone 
marrow, LN, lymph node, and PB, peripheral blood), tumor load (TL), IGHV mutation status 
(mutated or unmutated), and age (years). NA = not available.  
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The third group was characterized by clusters with an intermediate to high expression of 

exhaustion markers including PD-1, TIGIT, CD39, CD38, FAS, TOX and EOMES. More 

specifically, TEM1 and TEM2 GZMK+ clusters presented moderate levels for these proteins and 

higher expression of GZMK, resembling a pre-dysfunctional effector memory population that 

expresses GZMK as well as intermediate levels of inhibitory molecules. The third cluster was 

defined as exhausted (TEX) based on the higher expression of PD-1, TIGIT, and CD39 (McLane 

et al. 2019). Of note, proliferating cells had a very similar phenotype to TEX cells, suggesting 

they could constitute a dividing subset of these cells. Intriguingly, DP1 cells expressed the 

highest levels of exhaustion markers (i.e. PD-1, FAS; TIGIT, TOX, and CD38), as well as 

markers of follicular cells, like CXCR5 and CTLA-4 (Figure 8B). 

To investigate the heterogeneity of T-cell immunophenotypes across samples, frequencies 

of the identified T-cell subsets were determined for each individual sample and a hierarchical 

clustering based on compositional similarity was performed. As shown in Figure 8C, in addition 

to a high inter-sample heterogeneity, five distinct groups were identified: one first group 

containing a high proportion of TEM3 KLRG1+ TBET+ cells, comprised PB and BM samples; a 

second group of samples, which presented high amounts of naïve cells, was mainly composed 

of HC LN samples; a third group with elevated percentages of TEX cells contained only CLL LN 

samples; and the fourth and fifth groups, harbored no enrichment of a specific cell subset, 

organ or sample condition (Figure 8C). The definition of the five groups was not related to any 

clinical condition such as tumor load or IGHV mutation status. Instead, samples of younger 

age appeared to be enriched in group 2, suggesting that age might influence the CD8+ T-cell 

phenotype present in LNs (Figure 8C). The effect of age in sample composition is further 

discussed in Section 4.2.3. 

Taken together, these results provide a global picture of the CD8+ T-cell landscape present 

in CLL patients, composed of subsets ranging from undifferentiated naïve cells, to central 

memory, effector, and effector memory cells with a diverse degree of activation and 

exhaustion. Besides, sample clustering based on subset frequencies revealed noticeable 

differences between tissues, as well as CLL samples compared to HC. 
 
4.2.1 T-cells in CLL LNs exhibit a distinct immunophenotype compared to PB 

and BM tissues 
The immunophenotypic analysis of the CD8+ T-cell compartment revealed a tissue-related 

grouping of samples (Figure 8C), indicating that tissue cues significantly determine T-cell 

composition. In line with this, a higher presence of T-cells with an exhausted phenotype in LNs 

compared to PB has recently been suggested (Hanna et al. 2019). However, additional studies 

exhaustively analyzing the phenotypical differences between these two tissues are lacking, 

and the T-cell composition in CLL BM have not been characterized thus far. Therefore, for a 

comprehensive assessment of CD8+ T-cell phenotypic differences among the three tissues, 
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cluster frequencies between LN, PB and BM samples from CLL patients were compared 

(Figure 9). Notably, TN, TCM, TEF1 CD27+, TEM1, and DP1 TEX CXCR5+ cell subsets were present 

in similar frequencies in the different tissues (Figure 9). Instead, PB and BM samples, which 

did not significantly differ between each other, showed an enrichment of TEF2 TBET+ and TEM3 

KLRG1+ TBET+ in contrast to LN samples. Interestingly, CLL LNs exhibited higher proportions 

of TEM2 GZMK+, TEX CD39+ and proliferating cells, indicating an enhanced activated and 

exhausted phenotype of CD8+ T-cells in this tissue. Moreover, TEM4 ICOS+ and TFC CD39+ 

subsets were also enriched in LNs (Figure 9). 

In addition to defining tissue-related differences, an intra-patient correlation for the identified 

T-cell subsets was determined, by comparing the frequencies of cell subsets in PB and LN 

samples (Figure 10). A significant positive correlation was identified for TN, TCM and TEM1 

subsets, clusters with high frequencies in both tissues. In contrast, percentages of the other 
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Figure 9: T-cells from LNs have a distinct phenotype compared to PB and BM. 
Percentage of cells belonging to a given cluster out of total CD8+ T-cells for each sample were 
compared between LN (n = 21), PB (n = 8) and BM (n = 3) samples (*p<0.05, **<0.01, 
***<0.001, Kruskal-Wallis test with multiple comparisons). 
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effector and effector memory subtypes and importantly, of TEX and proliferating cells present 

in LN tissue, did not correlate with their frequencies in PB (Figure 10), underscoring a 

differential compartmentalization for certain cell subsets, including exhausted T-cells. 

Overall, these results confirm that CD8+ T-cell phenotype differences exist between PB and 

LNs, and provide a first account of the similarities of CD8+ T-cell distribution in PB and BM of 

CLL patients. In addition, they underscore the limited correlation between LNs and PB and 

indicate the accumulation of exhausted T-cells in CLL LNs rather than in PB and BM.  

 

Figure 10: T-cell subset abundances in PB do not completely correlate with those in LN 
samples. Cluster abundances were correlated (Pearson correlation) using paired LN (x-axis) 
and PB (y-axis) samples from CLL patients (n = 8). Pearson correlation coefficient and p-
values (p) are depicted correspondingly. 
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4.2.2 CD8+ T-cells from CLL and HC LNs are phenotypically distinct 
In order to identify the CLL-specific T-cell phenotypical changes, the comparison of CLL 

LNs with non-malignant LNs is essential. However, such comparison has not previously been 

performed. Consequently, the CD8+ T-cell composition of CLL LNs was compared to that of 

rLN samples. As shown in Figure 5, non-malignant LNs were composed of a significantly 

higher frequency of TN, with an average frequency of 40.59 % per sample, in contrast to 11.35 

% in CLL LNs. TEF1 cells, as well as DP1 cells, despite being overall less abundant in the LNs, 

were also found significantly enriched in control samples, with the latter being almost absent 

in CLL samples (Figure 11). Importantly, CLL LNs were significantly enriched in TEX, with an 

average frequency of 30.49 % in comparison to 11.33 % in control samples. Besides, TEM3 

KLRG1+ TBET+ and proliferating cells were also found in greater frequencies in CLL LNs 

(Figure 11).  

Figure 11: T-cells from CLL LNs have a distinct phenotype compared to HC LNs. 
Abundance of cells of a given cluster out of total CD8+ T-cells for each sample in CLL LNs (n 
= 21) compared to rLNs (n = 13) (*p<0.05, **<0.01, ***<0.001, Mann-Whitney U test). 
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Collectively, these results illustrate the CD8+ T-cell phenotypic similarities between LNs 

from CLL patients and HCs, but at the same time provide evidence for the existence of CLL-

specific effector and exhausted CD8+ T-cell states. 

 

4.2.3 Clinical associations with CD8+ T-cell distribution in CLL LNs 
Previous studies have identified a CD8+ T-cell effector memory phenotype in CLL blood 

samples that is related to a progressive disease (Palma et al. 2017; Gonnord et al. 2019). To 

ascertain the relationship between the identified CD8+ T-cell subsets with disease outcome in 

the studied cohort, cell subset frequencies in LN samples were correlated with the clinical 

parameters Binet and Rai staging, tumor load, IGHV mutation status, treatment-free survival, 

and overall survival. Similar to previous studies (Novak et al. 2015; Gonnord et al. 2019), no 

correlation between cell subtype percentage and Binet and Rai stage, treatment-free survival 

or overall survival data were identified (data not shown). On the other hand, TEM1 cell 

frequencies were positively associated with tumor load (Figure 12A). This was in line with a 

negative correlation between naïve T-cell percentages and tumor load (Figure 12B), thus 

indicating an increase of antigen-experienced T-cells in CLL LNs accompanying tumor growth. 

Mutational status of the IGHV gene in CLL cells has been shown to have a minor impact on 

expression of immune checkpoint and activation markers in T-cells isolated from peripheral 

blood mononuclear cells (PBMCs) of CLL patients (Palma et al. 2017). Intriguingly, levels of 

TEM4 ICOS+ cells were significantly decreased in IGHV-unmutated compared to mutated 

samples (Figure 12C), which provides evidence for an impact of the IGHV mutational status in 

CLL cells on shaping the nodal TME. 

The average age of the studied CLL patient cohort is significantly higher than that of controls 

(Figure 13A), which represents a confounding factor for the identification of changes in T-cell 

phenotypes. In order to determine the contribution of this factor to the cell subset distribution, 

age of patients and HCs at sampling was correlated with cell cluster abundances. While CLL 

Figure 12: Relationship between CD8+ landscape and clinical outcomes. (A-B) Pearson 
correlation of (A) naïve and (B) TEM1 subset abundances with tumor load (in %) in CLL LN 
samples (n = 21). (C) Boxplot showing TEM4 ICOS+ subset abundances in LNs of IGHV 
unmutated (n = 9) versus mutated CLL patients (n = 10) (*p<0.05, Mann-Whitney U test). U = 
IGHV unmutated, M = IGHV mutated, TL = tumor load. 
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samples of older age patients showed increased percentages of TEX cells, this association was 

not present in control samples (Figure 13B). In addition, proportions of TN cells negatively 

correlated with age in both control and CLL samples (Figure 13C), in accordance with the 

previously described shrinkage of the naïve T-cell compartment during aging (Goronzy et al. 

2015).  

In summary, these data underscore the limited impact of the T-cell compartment on the 

clinical outcome of CLL patients. Besides, they confirm the existence of an effector memory 

population that expands in response to tumor growth, and reveal a previously unrecognized 

difference in the abundance of CD8+ TEM4 ICOS+ cells between IGHV-mutated and -unmutated 

CLL patients. The age of the sample donors as a confounding factor, in addition, is shown to 

have a minor impact in T-cell subset differences between CLL patients and HCs. 

 

 Single-cell transcriptome profiling of nodal T-cells from CLL 
patients 

4.3.1 Characterization of the T-cell transcriptome from CLL LNs 
Single-cell transcriptome studies of intratumoral T-cells enable an unbiased examination of 

the vast heterogeneity of T-cell states found both within and between cancer patients (Zheng 

et al. 2017; Azizi et al. 2018; Li et al. 2019). Transcriptional profiling of T-cells from three CLL 

LNs was performed in order to characterize their distinct T-cell subsets and their clonal 

diversity. CD3+ T-cells and CLL cells of CLL LNs were FACS-sorted and subjected to single-

cell RNA-seq using the 10x Genomics platform. Data processing and analysis was conducted 

in collaboration with Dr. Yashna Paul from the German Research Center (DKFZ), Heidelberg. 

After QC filtering (see Section 3.2.7.3), approximately 6.6 x103 CD3+ T-cells, with an average 

of 131,234 reads per cell and a median of 1,447 genes per cell, were further analyzed. The t-

Figure 13: Average age differences between CLL patients and HCs have a limited effect 
as confounding factor. (A) Age of CLL patient (n = 21) and HC (n = 13) samples at sampling 
(***p<0.001, Mann-Whitney U test). (B-C) Pearson correlation plot of percentage of (B) TEX 
and (C) TN cell subsets (y axis) with age (x axis) for CLL and HC control samples. 
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SNE algorithm was used for dimensional reduction and unbiased cell clustering yielding the 

formation of 10 subsets based on their gene expression profiles (Figure 14A). These clusters 

were comprised of 5 CD4+ T-cell clusters, 2 CD8+ T-cell clusters, 2 clusters which contained 

both, CD4+ and CD8+ T-cells, and one cluster of spiked-in CLL cells (Figure 14A-B). More 

specifically, both CD4+ and CD8+ naïve cells were identified based on the expression of marker 

genes such as CCR7, lymphoid enhancer-binding factor 1 (LEF1), selectin L (SELL) and 

transcription factor 7 (TCF7) (Figure 14C) (Gattinoni et al. 2017). Subsets identified as effector 

memory CD8+ (CD8+ TEM1) and cytotoxic T-cells (TTOX), were characterized by a similarly high 

expression of effector molecules like granzymes (GZMA, GZMK, GZMH), with CD8+ TEM 

expressing slightly higher levels of cytokines like CCL4, CCL5, IFNG and PRF1 (Figure 14C). 

In contrast, CD4+ TEM1 cells showed higher expression of TFs related to T-cell activation (FOS, 

JUN, FOSB) (Yukawa et al. 2020), and activation-related genes (CD69, ICOS, CD40L) (Azizi 

et al. 2018). A second CD4+ TEM2 subset expressed genes related to cytokine signaling such 

Figure 14: Transcriptional profiling of nodal T-cells from CLL patients. (A) t-SNE plot of 
CD3+ T-cells and CLL cells color-coded according to the clusters identified (B) Gene 
expression (UMI) counts) of CD4 and CD8A genes in all cells. Exp = UMIs. (C) Heatmap 
depicting the top most differentially expressed genes for each cluster. Each column represents 
a single cell and each row a single gene, with the annotation of 1-2 marker genes per cluster. 
Clusters are ordered based on their size. Expression is shown as logarithm of counts per 
million reads (log CPM). (D) t-SNE plot depicting sample distribution (left) and cell subset 
abundances in each sample (right). Colors correspond to those shown in (A). BC0, BC1, BC3 
= sample IDs. 
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as CCR6, IL7R, and lymphotoxin b (LTB) (O'Shea and Murray 2008; Lee and Korner 2019; 

Piao et al. 2019). Tregs were identified based on the expression of FOXP3, CTLA4 and IL2RA, 

and further subdivided into resting Treg (rTregs), and active Treg (aTregs) cells. While the 

former subgroup was characterized by a higher expression of naïve-related genes, the later 

expressed higher levels of inhibitory receptors (TIGIT, ICOS) and genes involved in the 

TNFRSF- NF-κB-pathway (TNFRSF4, TNFRSF1B, BIRC3) (Zemmour et al. 2018; Miragaia et 

al. 2019) (Figure 14C). In addition, a cell subset with a gene signature characteristic of CD4+ 

TFH was identified, overexpressing both inhibitory receptors, including PDCD1 and TIGIT, and 

genes like TOX2 and CD200 (Crotty 2011; Dorfman and Shahsafaei 2011; Roider et al. 2020). 

Surprisingly, however, it included both CD4+ and CD8+ T-cells (Figure 14B). Finally, CLL cells 

were easily recognizable by the expression of multiple immunoglobulin genes (such as IGKV3-

20 and IGKC), genes encoding the HMC (HLA-DR, HLA-DRB1, CD74), and the BCR 

complexes (CD79A, CD79B) (Figure 14C). As previously observed in the analysis of mass 

cytometry data, a substantial heterogeneity existed between the three patients analyzed, with 

one sample containing significantly more CD8+ TEM1 cells than the other two (Figure 14D). 

 

The above analysis provides a general overview of the T-cell subsets present in the LNs of 

CLL patients, but delivers limited information on the different CD8+ T-cell states. Hence, to gain 

further insight into CD8+ T-cell heterogeneity, CD4- CD8+ T-cells were clustered separately. As 

shown in Figure 15A, 8 transcriptionally distinct CD8+ T-cell clusters could be identified based 

on differentially expressed marker genes. Subsets of naïve cells were identified as in the 

previous analysis. Interestingly, CD8+ follicular T-cells (TFC) showed the most discrete 

phenotype, with a high expression of inhibitory receptors, a moderate expression of naïve-

related genes, and no expression of effector molecules, like granzymes or cytokines (Yu and 

Ye 2018) (Figure 15B). From the previously identified CD8+ TEM cell cluster, 5 new subsets 

emerged: a TCM subset was classified based on the moderate expression of naïve-associated 

genes, and the low expression of effector molecules. In addition, a TEM subset with strong 

expression of heat-shock proteins (e.g. HSP90AA1, HSPA1A) was identified (Figure 15B). Of 

note, a very small set of cells (11 cells, representing the 0.48 % of total cells), which expressed 

high levels of mitochondrial genes (e.g. MT1F, MT1X), and only slightly exceeded the 

threshold for the exclusion of low-quality cells, was considered a technical artifact and 

therefore excluded from further analyses. Finally, and as the previous analysis suggested, the 
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differences between the 3 remaining TEM subsets were subtle, and only small gene expression 

differences separated these clusters. Specifically, TEM2 CCL4+ expressed slightly higher levels 

of CCL4 and annexin A1 (ANXA1), and the AP-1 TF subunits JUN and FOS; TEM3 GZMK+ 

expressed increased levels of GZMK, KLRG1, and C-X-C motif chemokine ligand 1 (XCL1), 

as well as slightly higher levels of PDCD1 and LAG3; and TEM4 GZMH+ showed a higher 

expression of GZMH and X-C motif chemokine ligand 2 (XCL2) (Figure 15B). Interestingly, the 

higher percentage of CD8+ TEM cells previously recognized in the BC1 sample corresponded 

to a specifically increased frequency of TEM2 CCL4+, rather than a general higher percentage 

of the different TEM subsets (Figure 15C). 

Altogether, the single-cell transcriptome analysis of T-cells from CLL LNs provides an 

unbiased account of CLL-associated T-cell phenotypes. Similar to the mass cytometry 

analysis, single-cell RNA-seq identifies subsets of CD8+ TN, TCM, TFC and TEM, but at the same 

time, it underscores the high degree of similarity between the CD8+ TEM cell subsets and the 

distinct transcriptional profile of the TFC cells. 

 

4.3.2 Integration of the mass cytometry and single-cell RNA sequencing data 
reveals general cell subset overlap 

Using both single-cell RNA-seq and mass cytometry analyses identified CD8+ T-cell subsets 

with distinct phenotypes, thus raising the question, whether the same populations exist at the 

transcriptome and proteome level respectively. To answer this question, the CD8+ T-cell profile 

of all clusters identified at the transcriptome and proteome level were integrated (see Methods, 

Section 3.2.8). As shown in Figure 16A, general cell subsets (i.e. TN, TCM, TFC, and TEM) found 

Figure 15: Characterization of CD8+ T-cells from CLL LNs. (A) t-SNE map clustering CD8+ 
T-cells form 3 CLL LNs. Each dot represents a single cell, colored according to cluster identity. 
(B) Heatmap displaying enrichment (Z-score) of most differentially expressed genes in each 
cluster (color-coded as in (A)). Marker genes per cluster are noted (right). (C) Cell subset 
frequencies for each sample. Colors correspond to clusters as annotated in (A). BC0, BC1 and 
BC3 = sample IDs. 
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in both datasets positively correlated. Because only a limited number of marker genes 

differentiating TEM subsets in the single-cell RNA-seq dataset were present in the mass 

cytometry dataset, no one-to-one equivalent TEM cluster could be assigned (Figure 16A). In 

addition, proliferating and effector cells, which were only defined using mass cytometry 

analysis, did not correlate with any single-cell RNA-seq cluster. Importantly, cell subset 

frequencies were comparable between the two methodologies (Figure 16B), and significantly 

correlated with each other in the two LN samples present in both datasets (Figure 16C). 

Overall, the above analysis validates that mass cytometry and single-cell RNA-seq 

analyses capture similar CD8+ T-cell subsets, underscoring their robustness and discarding 

the possibility of a detection bias towards any specific cell subset (i.e. naïve, effector memory, 

central memory, effector, and follicular) by the techniques.  

 

4.3.3 T-cell clonality in CLL is associated with an effector memory CD8+ T-cell 
phenotype 

The reconstruction of T-cell receptor (TCR) sequences at the single-cell level and overlap 

with their transcriptional profiles allows the identification of clonal diversity within identified T-

cell subsets. With this approach, an enrichment of clonally-expanded cells with cytotoxic and 

dysfunctional phenotypes has been reported in several tumors (Guo et al. 2018; Zhang et al. 

2018b; Li et al. 2019; Yost et al. 2019). To assess the degree of clonality in the analyzed CLL 

LN samples, T-cells with both transcriptome and productive TCR sequence information were 

Figure 16: Correspondence of mass cytometry clusters with single-cell RNA-seq 
clusters. (A) Heatmap showing Pearson correlation between each pair of clusters identified 
with single-cell RNA-seq and mass cytometry. Average profile values for each cluster were 
calculated and mean-centered in comparison to the rest of the clusters from the dataset. 
Clusters of > 1 % in BC1 and BC3 samples are depicted from the mass cytometry dataset. 
Color scale and dot size depict correlation coefficient. (B) Cell subset distribution of the major 
cell subsets TFC, TCM, TEF, TN, TEM (including TEM1, TEM2, TEM3 and TEX) and TEM GZMK+ in 
samples BC1 and BC3 present in both single-cell RNA-seq and mass cytometry datasets. (C) 
Pearson correlation of major cell subset percentages determined with mass cytometry and 
single-cell RNA-seq as grouped in (B) for samples BC1 and BC3. 
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classified based on the distribution of identical paired α and β chains shared between one, 

two, or three and more cells (Figure 17A). A diverse degree of clonal expansion (i.e. an 

identical TCR present in at least three cells) was observed in the three samples, being 2.44, 

13.20 or 37.66 % of total cells (Figure 17A), with no shared TCR clones amongst them. 

Besides, clonal diversity differed greatly between patients, with little clonal expansion in the 

BC0 sample, a strongly dominating clone in BC1, and a wider repertoire of smaller clones in 

the BC3 sample (Figure 17B). Since CD4+ T-cells showed negligible clonal enrichment, and 

because a significant proportion of CD8+ T-cells were clonally expanded (Figure 17A), the 

clonal composition across CD8+ T-cell subsets was examined. Interestingly, considerable 

percentage (between 31.82 and 58.04 %) of cells from the 4 TEM clusters were constituted by 

clones, in contrast to the little clonal expansion found in the TN, TCM and TFC cell subsets (Figure 

Figure 17: Clonal expansion is restricted to TEM CD8+ T-cells. (A) Number of total CD3+ T-
cells belonging to clonotypes with 1, 2, or 3 and more cells with the same TCR sequence in 
each sample. Left: absolute numbers, right: percentage out of total cells. The distinction 
between CD4+ and CD8+ T-cells is made in the left graph. (B) T-cell conal composition in the 
3 CLL LNs samples. Percentages and cell numbers are given for the 10 most abundant clones. 
The total number of expanded clones is shown below the chart. * marks BST2-recognizing 
TCR. (C) Percentage of expanded clones per CD8+ T-cell cluster. The contribution from each 
of the three samples is color-coded. (D) t-SNE plot of CD8+ T-cells from the 10 most expanded 
clones (color-coded, n = 885). Cells with no shared TCR are depicted in grey. BC0, BC1 and 
BC3 = sample IDs. 
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17C and D). Importantly, expanded clones were not restricted to a specific cluster, but 

distributed between several subsets, with TEM2 CCL4+ and TEM4 GZMH+ sharing most of them 

(Figure 17C).  

In order to identify TCR clones recognizing known epitopes, CDR3 amino acid sequences 

for the 10 most abundant clones in each sample were compared against the VDJdb database 

including CDR3 regions known or likely to react against reported epitopes (Bagaev et al. 2020). 

TCR sequences described to recognize the pp65 gene epitope from cytomegalovirus (CMV) 

were found in the BC0 and BC1 samples, including the latter’s most abundant clone (Table 

11). In addition, matrix protein 1 (M1) from Influenza virus and mRNA export factor ICP29 

(BMLF1) from Epstein-Barr-Virus (EBV) were found in BC0 and BC1, respectively (Table 11). 

Available clinical data of these samples indicated no CMV positivity at time of sampling but at 

earlier stages of disease (Table S13), suggesting a persistence of viral-reacting T-cells over 

time. Intriguingly, sample BC3 contained a TCR described to recognize the bone marrow 

stromal cell antigen 2 (BST2) protein, mostly present in the TEM3 GZMK+ cluster. This 

transmembrane protein, originally described to regulate B-cell development (Goto et al. 1994; 

Ishikawa et al. 1995), has been reported to be overexpressed in CLL (Gong et al. 2015) and 

several other malignancies, including lung and breast cancer (Wang et al. 2009; Mahauad-

Fernandez et al. 2014), as well as multiple myeloma, where it has been suggested as a 

therapeutic target (Ozaki et al. 1997; Tai et al. 2012). The presence of a putative T-cell clone 

binding to a CLL-overexpressed protein thus constitutes further evidence of the existence of 

CLL-reactive T-cells with a pre-exhausted phenotype.  
 

Table 11: List of known and putative epitope-reactive TCRs.  

  Clone 
ID 

Fraction 
(%, AC) CDR3  V  J  Epitope  Gene  Sp 

BC0 

CL9 4.29 (3) 
TRA: CASYNTDKLIF TRAV38-

2/DV8 TRAJ34 GILGFVFTL M1 Influenza 

TRB: CASSLALNYGYTF           

CL7 4.29 (3) 
TRA: CAALRDDKIIF TRAV12-2 TRAJ30 NLVPMVATV pp65 CMV 

TRB: CASSFGSYNEQFF           

CL11 4.29 (3) 
TRA: CAVRTSGYSTLTF TRAV21 TRAJ11 NLVPMVATV pp65 CMV 

TRB: CASCPGQGNTGELFF           

BC1 

CL1 65.81 
(360) 

TRA: CAASFSGTYKYIF TRAV29/DV5 TRAJ40 NLVPMVATV pp65 CMV 

TRB: CASSPSPGGVEKLFF           

CL8 2.19 (12) 
TRB: CASSQSPGGTQYF TRBV14 TRBJ2-

5 GLCTLVAML BMLF1 EBV 

TRA: CALSEGDSGNTPLVF           

CL10 1.65 (9) 
TRA: CAGASNTGKLIF TRAV27 TRAJ37 NLVPMVATV pp65 CMV 

TRB: CASSLAQGSGANVLTF           

BC3 CL8 3.36 (9) 
TRA: CAVSLSNFGNEKLTF TRAV12-2 TRAJ48 LLLGIGILV BST2 Homo S. 

TRB: CASSYGDRGSNQPQHF           

Note: AC = absolute number of cells, Sp = species, TRA = T-cell receptor a chain, TRB = T-
cell receptor b chain. 
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Altogether, this data reveals a broad TCR repertoire from CLL LNs, which illustrates a 

heterogeneous clonal diversity between patients as well as a phenotypically diverse clonal 

expansion restricted to CD8+ TEM cells. In addition, the distinction of specific TCR sequences 

recognizing previously described epitopes underscores an anti-viral, and potentially anti-

tumoral reactivity. 

 

4.3.4 Decoding the interactome between CLL cells and T-cells in the CLL LN 
niche 

Tumor-associated changes in the CLL TME are considered to benefit CLL cells, as they 

largely depend on their interactions with neighboring cells for receiving proliferation and 

survival signals in the SLOs (Burger 2011). Hence, to predict the cell-cell interactions occurring 

in the CLL LNs, CellPhoneDB, a computational tool for the identification of cell subset-specific 

expression of ligand and receptor pairs in the transcriptome (Vento-Tormo et al. 2018), was 

used (see Methods Section 3.2.7.6). Interestingly, the highest number of interactions were 

predicted between CLL cells and TTOX, TFC, and CD8+ TEM1 cells (Figure 18A), subsets that 

also generally established a higher number of interactions with any given subset. The other 

clusters, in contrast, and specially CD4+ TN and rTregs, interacted comparably less with any 

cell subpopulation (Figure 18A).  

To gain insight into the CLL-T-cell interactome, the specific interactions between CLL cells 

and all the T-cell subsets were investigated. On the one hand, well-known pro-survival and 

proliferation signals for CLL cells, such as CD40- CD40L, IL2 secretion, and TRAIL- TRAILR1 

(Secchiero et al. 2005; Decker et al. 2010; Pascutti et al. 2013), were found between CLL cells 

and CD4+ T subsets, as well as TF cells (Figure 18B). CLL cells additionally interacted with 

Tregs through the expression of the adhesion molecule L-selectin. Moreover, as a result of 

their activated and effector state, CD8+ TEM1 and TTOX cells specifically secreted TNFa and 

IFNg, the receptors of which were expressed by CLL cells. On the other hand, other 

interactions reported to induce CLL programmed cell death, including binding of signal 

regulatory protein gamma (SIRPG) to CD47 (Martinez-Torres et al. 2015) or inhibition thereof 

by leukocyte associated Ig like receptor 1 (LAIR1) to leukocyte Ig like receptor B4 (LILRB4) 

(Zurli et al. 2017), were observed between CLL cells and CD4+ T-cells, TTOX, and TFC cells 

(Figure 18B). Interestingly, CD52 glycoprotein, which is therapeutically targeted with 

alemtuzumab, was found to interact with sialic acid binding Ig like lectin 10 (SIGLEC10) not 

only among CLL cells, but also in several T-cell subsets and specially CD4+ TEM2 cells. 

Furthermore, the crosstalk between CLL cells and T-cells was not unidirectional, as T-cells 

also received signals from leukemia cells, the effect of which has not been investigated in CLL. 

In short, signals were mediated by CD28- CD86 interaction, and CD44 binding to L-galectin 9 



4 Results   4.3 Single-cell transcriptome profiling of nodal T-cells from CLL patients 

 87 

Figure 18: Decoding the crosstalk between CLL cells and T-cells in the LN niche. (A) 
Heatmap depicting the number of predicted interactions between cell clusters identified by 
single-cell RNA-seq. (B) Significant curated ligand-receptor interactions between CLL and T-
cell subsets depicted as a dot plot. Dot color represents log2 mean of the combined expression 
of ligand and receptor pair. Dot sizes represent p-values, which were determined using a 
permutation test. Gene names were substituted by protein names for CD45 (PTPRC), CD39 
(ENTPD1), CD270 (TNFRSF14), TNFR2 (TNFRSF1B), CD97 (ADRGE5), 4-1BB ligand 
(TNFSF9), 4-1BB (TNFRSF9), TRAILR1 (TNFRSF10A), TRAIL (TNFSF10), TIM-3 (HAVCR2), 
CD23 (FCER2) and the integrin complex (aXb2). 
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(LGALS9) in activated cells. In addition, CD8+ TEM1, TTOX, aTregs and TFC cells interacted with 

CLL cells via 4-1BB- 4-1BB ligand, and CD160 in case of CD8+ TEM1 cells. Specific recruitment 

of CD8+ TEM1 and aTreg cells by CLL cells might result from CXCL16- CXCR6 interaction. In 

contrast, T-cells also received coinhibitory signals via LAIR1, and specifically via TIM-3 for 

TTOX cells. Of note, the T-cell inhibitory signals expected from the interactions PD-1- PD-L1 

and TIGIT- PVR were not found amongst the significant CLL cell-type specific interactions, but 

were present in the list of detected interactions in the dataset, indicating a more ubiquitous 

expression of the ligands also in the T-cells. 

Overall, these results reveal a complex cellular network of interactions, where T-cells and 

leukemic cells establish a cross-talk consisting of both positive and negative signals, 

contributing to an impaired anti-tumor T-cell response, and altered normal immune function in 

CLL patients. 

 

 Single-cell RNA-seq-based T-cell profiling of the TCL1 AT mouse 
model  

4.4.1 Characterization of the transcriptome of T-cells from TCL1 AT spleen 
The TCL1 AT mouse model represents a valuable tool for studying CLL pathomechanisms 

(Hamblin 2010). To gain insight into the T-cell heterogeneity of the TCL1 AT mouse and 

validate its resemblance to human CLL T-cells, splenic T-cells from 2 TCL1 AT mice with a TL 

of approximately 92 % were analyzed. More specifically, CD3+ T-cells were FACS-sorted and 

subjected to single-cell RNA-seq using 10x Genomics. Data processing and analysis was 

performed in collaboration with Dr. Yashna Paul from the German Research Center (DKFZ, 

Heidelberg). After QC filtering, a total of 8.5 x103 T-cells, with an average of 77,268 reads per 

cell and a median of 1,861 genes per cell, were considered for clustering and cell subset 

investigation. Thirteen clusters were identified based on to their differential gene expression 

(Figure 19A), which comprised CD4+ and CD8+ T-cells, CLL cells, and myeloid cells. The latter 

population, which expressed no Cd3, Cd4, Cd8a, or Cd19, but expressed multiple genes 

related to innate cells, including the Fc fragment of IgE receptor Ig (Fcer1g), lysozyme C-2 

(Lyz2), and colony stimulating factor 1 receptor (Csf1r), was likely a result of a lower purity of 

the cell sorting prior the single-cell RNA-seq. Only few of the T-cell clusters could be 

unequivocally subdivided into CD4+ or CD8+ T-cells (Figure 19A), since most of them contained 

both T-cell types. Even though CD4+ and CD8+ T-cells did not overlap in the t-SNE clustering, 

due to the strong exclusive expression of Cd4 and Cd8a (Figure 19B), such grouping indicates 

that the two T-cell types share highly similar transcriptomic phenotypes.  

Subsequently, the 11 T-cell clusters were characterized according to their transcriptome 

profile. The overexpression of naïve marker genes, including Ccr7 and Lef1, identified 4 

clusters of TN cells, with one exclusively containing CD8+ T-cells, another CD4+, and two small 
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clusters including both (TN2-3) (Figure 19C). CD8+ memory T-cells (TM) were determined based 

on the expression of Cd7, interleukin-2 receptor subunit beta (Il2rb) and lymphocyte antigen 

6c2 (Ly6c2) (Aandahl et al. 2003; Istaces et al. 2019), and the lower expression of both naïve 

and effector-related genes in relation to other clusters. In addition, CD4+ Treg cells were 

recognized by the expression of Foxp3 and tumor necrosis factor receptor superfamily member 

4 (Tnfrsf4). Importantly, an exhausted T-cell subset (TEX), which contained mostly CD4+ T-

cells, but also CD8+ cells, was recognized based on the elevated expression of inhibitory 

receptors like Tigit, Lag3, and Pdcd1, as well as several effector molecules, including 

chemokine ligand 5 (Ccl5) and Gzmk (Figure 19C). Moreover, two other CD4+ effector (TEF1-2) 

subsets were remarkably similar to TEX cells at the transcriptomic level, but specifically 

expressed T-cell receptor a and b genes (i.e. Trbv23 together with Trav6-3, and Trbv13-3 with 

Trav19 respectively), suggesting they represent expanded T-cell clones (Figure 19C). 

Intriguingly, a small cluster including both CD4+ and CD8+ cells, with a very distinct 

Figure 19: Transcriptome profiling of T-cells from TCL1 AT mice. (A) t-SNE plot of CD3+ 
T-cells and CLL cells. The 13 clusters identified are depicted with distinctive colors. (B) Gene 
expression (UMI counts) of Cd4 and Cd8a genes in all cells. (C) Heatmap showing 2-5 most 
differentially expressed genes between the identified clusters. Each column denotes a cell and 
each row a gene. Between 1 and 2 marker genes are annotated per cluster. Expression is 
represented as logarithm counts per million reads (log CPM). (D) t-SNE plot depicting the cell 
distribution according to the mouse of origin (left) and cluster fractions in each sample (right), 
with colors as in (A). M107 and M110 = sample IDs. 
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transcriptional signature was also identified. This subset expressed genes related to type I 

interferon response, including interferon induced protein with tetratricopeptide repeats 1 and 3 

(Ifit1, Ifit3), signal transducer and activator of transcription 1 (Stat1), and interferon regulatory 

factor 7 (Irf7). Besides, the top 50 differentially expressed genes of this cluster showed an 

enrichment for the gene ontology (GO) biological process term ‘type I interferon signaling 

pathway’ (GO:0060337, adjusted p-value = 7.15 x10-18) defining this cluster as TIFN cells. 

Finally, cells with high levels of cell-cycle associated genes, like stathmin (Stmn1), high 

mobility group box 2 (Hmgb2), and marker of proliferation KI-67 (Mki67), were denoted as 

proliferating cells. These cells also expressed effector molecules like Gzmk and granzyme B 

(Gzmb), indicating an on-going proliferation of effector cells.  

It is worth noting, that even though the two mice analyzed (M107 and M110) were injected 

with the same TCL1 tumor clone and presented comparable tumor load at time of sampling 

(both with >90 % CLL cells out of CD45+ cells in spleen), their T-cell response appeared to be 

remarkably different: on the one hand, M107 seemed to have an overall stronger T-cell 

reaction, as all cells from TEF1-2 and most of TEX cluster originate from this mouse (Figure 19D). 

In contrast, more than 50 % of cells in M110 were naïve cells, and the abundance of TEX, or 

proliferating cells was comparably lower in this sample (Figure 19D). This observation reveals 

a previously unrecognized high heterogeneous inter-sample T-cell response, regardless of the 

transplanted TCL1 tumor clone.  

Taken together, this data provides a comprehensive account of the T-cell phenotypes 

acquired upon leukemia development in the TCL1 AT mouse model of CLL. 

 

4.4.2 Limited clonal expansion of CD8+ T-cells from TCL1 AT mouse 
splenocytes 

The existence of a clonally expanded CD8+ T-cell population in blood of CLL patients as 

well as in spleens of TCL1 AT mice has been reported by previous studies (Serrano et al. 

1997; Vardi et al. 2017; Blanco et al. 2018; Hanna et al. 2019). To confirm these results, as 

well as to compare the T-cell clonality profile of the TCL1 AT mouse model to the one of LNs 

from CLL patients identified in this work, selective enrichment and single-cell RNA-seq of the 

TCR region was performed. 

Several interesting observations were made upon inspection of the clonal distribution in the 

murine samples. First, a clearly distinct clonal expansion pattern occurred in the two samples 

analyzed (Figure 20A-B), in line with the previously recognized dissimilar cluster distribution 

between the two mice. In M107, out of all T-cells, approximately 20 % represented clonal cells 

(Figure 20A), with two dominant clones constituting 50 % of the expanded cells (Figure 20B). 

In contrast, only a 4 % of cells were clonally expanded in M110 (Figure 20A), characterized by 

small and non-dominant clones (Figure 20B). Second, and surprisingly, clonal cells were 
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mostly CD4+ T-cells (Figure 20A), as opposed to the dominant CD8+ T-cell clonal expansion 

occurring in human CLL LN samples (see Section 4.3.3, Figure 17). Last, clonal T-cell 

expansion was confined to several cell subsets: CD4+ TEF1 and TEF2 exclusively contained 

clonal cells, and the CD4+ and CD8+-containing TEX cluster likewise comprised numerous 

clones (Figure 20C-D). In addition, the TIFN cluster and proliferating cells, followed by Treg and 

TN2 cells, also contained some clonally expanded cells, suggesting that a tumor T-cell 

response involves a reaction of multiple T-cell phenotypes in the TCL1 AT mice. 

In sum, a heterogeneous and of predominantly CD4+ T-cells clonal expansion was 

ascertained in the TCL1 AT mouse model, an observation that is clearly distinct from the 

Figure 20: Clonal expansion in the TCL1 AT mouse model occurs in the CD4+ T-cell 
compartment. (A) Total number of non-expanded (n < 3) or clonally expanded (n ≥ 3) CD3+ 
T-cells (left), and percentage out of total cells (right) in each mouse sample. Distinction 
between CD4+ and CD8+ T-cells is made in the left graph. (B) Clonal composition of mouse 
samples M107 and M110. Fractions and numbers of cells for the 10 most abundant clones are 
given next to the plots. The total number of clones is annotated below the chart (C) Percentage 
of cells associated with a clone out of total cells per cluster. Sample contribution is color-coded. 
(D) t-SNE plot of CD3+ T-cells, CLL and myeloid cells from M107 and M110 samples with all 
T-cell expanded clones colored distinctively. Cells with no shared TCR are colored in grey. 
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human situation, and which underscores the complex, variable, and tumor-dependent immune 

response to leukemia growth. 

 

4.4.3 Interactions between CLL cells and the T-cell compartment in the TCL1 AT 
mouse model 

In order to investigate the cellular crosstalk between CLL cells and the T-cell subsets 

characterized in the murine samples, the CellPhoneDB approach was used, akin to the human 

analysis. Notably, CLL cells established the highest number of interactions, especially with 

TIFN, CD8+ TM, Tregs and myeloid cells. Besides, myeloid cells and activated T-cell subsets 

showed a higher amount of interactions in comparison to naïve subsets (Figure 21A).  

Additionally, by examining the specific intercellular network between CLL cells and their 

microenvironment, known pro-leukemic signals were identified (Figure 21B). As an example, 

CLL cells appeared to receive survival signals via the interactions of CD40- CD40L provided 

by CD4+ T-cell subsets, SELL- SELPLG by TEX and CD4+ TEF1-2, and CD80- CD274 by Tregs, 

TIFN, and myeloid cells (Figure 21B). Other interactions that have been shown to promote a 

homing environment to CLL cells included CD74 (Binsky et al. 2007), as well as several integrin 

complexes and semaphorins (i.e. SEMA4D and SEMA7A) (Ten Hacken and Burger 2016), the 

ligands of which were mainly expressed by myeloid cells. Interestingly, and as observed in the 

human samples, CLL cells expressed the receptors for the pro-inflammatory molecules IFNg, 

TNFa, and CCL5, produced by the activated T-cell subsets, namely CD4+ TEF1-2, TIFN, TEX, and 

proliferating cells. Instead, signals that have been reported to inhibit CLL cell proliferation, like 

CD47- SIRPG or TGF-b secretion (Lagneaux et al. 1998; Martinez-Torres et al. 2015), were 

expressed by CD8+ TN, CD8+ TM, TN2, TIFN, myeloid, and proliferating cells. Of note, CD52 was 

expressed by both CLL cells and activated T-cell subsets, comparably to LNs of CLL patients 

(Figure 21B). 

On the other hand, T-cells – specifically TEX, CD4+ TEF1-2 and proliferating cells – were 

predicted to receive a variety of signals from CLL cells, including co-stimulatory ones via 

sialophorin (SPN) and integrin subunit alpha L (ITGAL) binding to intercellular adhesion 

molecule 1 (ICAM1) (Figure 21B). However, these subsets were also exposed to many other 

inhibitory signals, such as CD39- ADORA2A, PD-1 binding to both PD-L1 and PD-L2, and 

binding of lymphotoxin a (LTA) to TNFR1 and TNFR2 (Figure 21B).  

Overall, this data shows a complex intercellular relationship between TCL1 leukemic cells 

and their microenvironment, which was similarly identified in the human samples used in this 

work. Thus, it proves that the mouse model largely recapitulates the pathogenic situation taking 

place in CLL patients. 
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Figure 21: Interactions between CLL cells and their microenvironment in the TCL1 AT 
mouse model resemble those in the human system. (A) Heatmap showing the number of 
predicted interactions between cell subsets. (B) Plot depicting significant curated ligand-
receptor interactions between CLL cells and all cell subsets. Dot color indicates combined log2 
mean expression of ligand and receptor. Size of the dots represents the p-value, calculated by 
permutation test. Gene names were substituted for the respective protein names for CD39 
(ENTPD1), CD45 (PTPRC), PD-1 (PDCD1), PD-L1 (CD274), PD-L2 (PDCD1LG2), TNFR1 
(TNFRSF1A), TNFR2 (TNFRSF1B), TACI (TNFRSF13B) and APRIL (TNFSF13). 
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 EOMES is necessary for anti-tumor activity of CD8+ T-cells in 
CLL 

4.5.1 EOMES expression in T-cells is associated with accessible chromatin  
Whole genome association studies have shown that a single-nucleotide polymorphism 

(SNP) located 13 kb 5’ upstream of the EOMES gene (rs9880772) is associated with a 

significantly increased risk to develop CLL (Berndt et al. 2016; Speedy et al. 2019). To identify 

cell types with a euchromatic state at the EOMES locus that could hence be functionally 

affected by the SNP, chromatin status as well as RNA expression of the EOMES gene were 

investigated in mature hematopoietic cells. This was performed in collaboration with Dr. 

Vicente Chapaprieta, from the Institut d’Investigacions Biomèdiques August Pi i Sunyer, 

Barcelona. More precisely, chromatin states resulting from the presence of the six histone 

marks H3K4me3, H3K4me1m, H3K27ac, H3K36me3, H3K27me3, or H3K9me3, together with 

RNA-seq data included in the reference epigenomes produced by the Blueprint project (The 

BLUEPRINT Consortium 2016), were examined. Open chromatin and active promoters, as 

well as RNA transcripts at the EOMES locus were mostly detected in NK-cells and T-cells, with 

memory CD8+ T-cells and NK cells presenting the highest RNA expression (Figure 22A). In 

contrast, a heterochromatic state and no EOMES expression were observed in B-cells at 

different maturation states. Next, EOMES mRNA expression in cell subsets from the 3 CLL 

LNs analyzed by single-cell RNA-seq was examined. In agreement with the previous 

observations, EOMES expression was highest in CD8+ TEM1, but was also present in CD4+ 

TEM1, TTOX and TF cell subsets. Notably, no expression was detected in CLL cells (Figure 22B). 

EOMES is a TF that regulates T-cell effector function (Intlekofer et al. 2008; Banerjee et al. 

2010; Pipkin et al. 2010) and has been associated with T-cell exhaustion in chronic infections 

and cancer (Li et al. 2018; Weulersse et al. 2020). To assess its role in CLL, the previously 

investigated mass cytometry data of CLL LNs was used to profile EOMES expression in CD8+ 

T-cells. The single-cell analyses showed that EOMES protein was mostly expressed in effector 

(TEF1 and TEF2), effector memory (TEM1, and TEM2), proliferating, and exhausted TEX cells, with 

the latter two showing the highest levels (Figure 22C, D). Intriguingly, TEM3 and TEM4 cells did 

express substantially less EOMES (Figure 22C), suggesting the existence of an alternative 

mechanism for memory differentiation and/or persistence. Notably, median EOMES protein 

expression was significantly higher in LNs of CLL samples in contrast to HC samples (Figure 

22E), likely as a reflection of the earlier reported higher frequencies of TEX, TEF1, and 

proliferating subsets (Figure 11D).  

Collectively, these data suggest that T-cells, but not CLL cells harbor open chromatin at the 

EOMES locus, thus enabling EOMES expression. Besides, EOMES protein levels are highest 

in CLL-derived exhausted CD8+ T-cells.  
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Figure 22: EOMES chromatin and transcriptomic status in hematopoietic cells. (A) 
Chromatin state at the EOMES locus derived from the integration of H3K4me3, H3K4me1 
H3K27ac, H3K36me3, H3K27me3 and H3K9me3 histone marks in hematopoietic cells of 
healthy individuals (n = 3, upper panel), together with RNA-seq signal from the reference 
epigenomes generated in the Blueprint project database (n = 3, scale = log2 RPKM) (lower 
panel). Data was generated in collaboration with Dr. Vicente Chapaprieta, from the Institut 
d’Investigacions Biomèdiques August Pi i Sunyer, Barcelona (B) Violin plot depicting EOMES 
gene expression (UMI counts) in single-cell clusters identified in LNs from 3 CLL patients. (C) 
Violin plot showing EOMES signal intensity (SI) in clusters defined with mass cytometry 
analyses. (D) t-SNE plot depicting protein levels of EOMES, PD-1, CD39 and GZMK in CD8+ 
T-cells measured by mass cytometry. (E) Median EOMES protein levels in CLL (n = 21) 
compared to rLN (n= 13) samples (**p<0.01, Mann-Whitney U test). 
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4.5.2 EOMES+ CD8+ T-cells accumulate in the Eµ-TCL1 mouse model and 
exhibit an exhausted phenotype 

To further characterize the role of EOMES in CLL, its expression was investigated in both 

the Eµ-TCL1 and the TCL1 AT mouse models of CLL. Importantly, Eomes transcripts in the 

single-cell transcriptome dataset of TCL1 AT mice were restricted to effector and memory T-

cells, but absent in CLL and myeloid cells (Figure 23A). Besides, they were most abundant in 

TEX cells co-expressing Pdcd1 and Lag3 genes, as observed in human T-cells.  

Figure 23: EOMES+ CD8+ T-cells accumulate in the TCL1 mouse models. (A) Gene 
expression (UMI counts) of Eomes, Pdcd1 and Lag3 in single-cell data from TCL1 AT mice. 
(B) Fraction of EOMES+ cells out of CD8+ T-cells in TCL1 AT (n = 5) and respective control 
mice (n = 7). (C) Percentage of naïve, memory and effector cells in WT compared to TCL1 AT 
mice. (D) Normalized fluorescence intensity (nMFI) of EOMES in effector and memory PD-1- 
LAG3- and PD-1+ LAG3+ CD8+ T-cells form TCL1 AT mice (n = 4). (E) Fraction of EOMES+ out 
of CD8+ T-cells in age- and sex- matched Eµ-TCL1 (n= 8) and WT mice (n = 8). (F) Percentage 
of naïve, memory and effector cells in WT and Eµ-TCL1 mice. (G) EOMES nMFI values in PD-
1- LAG3- and respective double positive effector and memory CD8+ T-cells in Eµ-TCL1 mice. 
Mean and SEM are depicted, and single dots represent each mouse analyzed (*p<0.05, 
**<0.01, ***>0.001, Mann-Whitney U test). 
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At the protein level, flow cytometry analyses revealed an increase of EOMES+ CD8+ T-cells 

in TCL1 AT compared to age- and sex-matched WT mice (Figure 23B), likely as a result of the 

known T-cell skewing towards antigen-experienced effector and memory T-cells (Figure 23C) 

(McClanahan et al. 2015b; Hanna et al. 2019). EOMES levels in exhausted T-cells were next 

examined in tumor-bearing mice. In concordance with the transcriptomic data, PD-1+ LAG3+ 

effector and memory CD8+ T-cells exhibited higher EOMES levels in comparison with their 

double-negative counterparts (Figure 23D). Lastly, similar results were detected in the 

transgenic Eµ-TCL1 mice (Figure 23E-F), which, as a consequence of their disease onset at 

advanced age, exhibited an overall higher percentage of EOMES+ cells. Moreover, EOMES 

levels were likewise significantly increased in exhausted PD-1+ LAG3+ T-cells compared to 

non-exhausted memory and effector cells in these mice (Figure 23G). 

Taken together, these results illustrate that both the Eµ-TCL1 and the TCL1 AT mouse 

models recapitulate the accumulation of EOMES+ CD8+ T-cells in the TME of CLL patients, 

and its higher expression in exhausted T-cells.  

 

4.5.3 Eomes-deficient CD8+ T-cells fail to expand and control CLL development 
in the TCL1 AT mouse model 

Following the previous observations, the question arises whether EOMES has an effect on 

CLL-tumor control via regulation of T-cell function. To investigate the role of EOMES in T-cell-

mediated control of CLL, Eomes knock-out (Eomes-/-) BM chimera were generated using 

Rag2-/- mice, which fail to produce mature T- and B-cells (Shinkai et al. 1992). Next, mice were 

adoptively transferred with Eµ-TCL1 leukemic cells, and tumor load as well as T-cell phenotype 
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Figure 24: Eomes-deficiency in the TME of TCL1 AT mice leads to impaired tumor 
control. Rag2-/- mice were irradiated and subsequently injected with either WT or Eomes-/- BM 
cells. Next day, mice were injected with leukemia cells from TCL1 mice. (A) Absolute counts 
of CD5+ CD19+ CLL cells in peripheral blood 2 and 4 weeks after tumor injection in Eomes-/- 
BM chimera (n = 7) and WT BM chimera mice (n = 8) as determined by flow cytometry. (B) 
Spleen weight and (C) absolute counts of CLL cells in spleen at experimental endpoint (4 
weeks after tumor injection). Horizontal and vertical bars display mean and SEM respectively. 
Each dot symbolizes one mouse (**p<0.01, ***<0.001, Mann-Whitney U test). 
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were examined by flow cytometry. Surprisingly, tumors developed faster in mice with an 

Eomes-deficient hematopoietic system compared to WT BM chimeric Rag2-/- mice, as 

measured in PB over time (Figure 24A). In accordance with this, Eomes-/- mice also presented 

a higher tumor burden in spleen at the experimental end-point 4 weeks later, with both 

increased spleen weight (Figure 24B) and CLL numbers per spleen (Figure 24C).  

This enhanced tumor growth in Eomes BM-deficient mice was accompanied by diminished 

CD8+ T-cell numbers in spleen (Figure 25A) and a reduced percentage of KI-67+ CD8+ T-cells 

(Figure 25B), hinting at an impaired tumor control due to a lack of expansion of these cells. 

However, CD8+ T-cells did not differ in their phenotype, as similar proportions of naïve, memory 

Figure 25: CD8+ T-cells from Eomes-/- BM chimeric mice fail to expand upon leukemic 
cell transplantation. (A) Absolute counts of CD8+ T-cell per spleen in WT versus Eomes-
deficient BM chimeric Rag2-/- mice. (B) Representative histograms and percentages of KI-67+ 
cells among CD8+ T-cells in spleen. (C) Percentage naïve, memory and effector subsets out 
of total CD8+ T-cells. (D) Representative histogram and precentages of PD-1+ CD8+ T-cells. 
(E) Frequencies of TNFa+, (F) GZMB+, and (G) IFNg+ cells among CD8+ T-cells after ex vivo 
stimulation with PMA and ionomycin for 6 hours. Graphs show mean ± SEM, with each dot 
representing one mouse (**p>0.01, ***>0.001, Mann-Whitney U test). 
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and effector T-cells were identified (Figure 25C). Besides, comparable frequencies of cells 

expressed the effector molecules GZMB, TNFa and IFNg after ex vivo stimulation with phorbol 

myristate acetate (PMA) and ionomycin (Figure 25D-F). Intriguingly, the lack of EOMES was 

associated with a higher frequency of CD8+ T-cells expressing PD-1 (Figure 25G). These 

results indicate that lack of CD8+ T-cell expansion is involved in the impaired tumor control of 

Eomes-deficient mice. 

To corroborate these observations and exclude the implication of other cells in the 

microenvironment, such as CD4+ T-cells, Eomes-/- or WT CD8+ T-cells were injected in Rag2-/- 

mice. The following day, these mice were injected with TCL1 leukemic cells, and tumor 

development was monitored. Similar to the Eomes-/- BM chimera, leukemia development 

occurred significantly faster in mice that had received Eomes-/- CD8+ T-cells compared to mice 

injected with WT CD8+ T-cells. This was determined based on absolute numbers of CLL cells 

in PB over time (Figure 26A), as well as by an increased spleen weight and tumor content in 

this organ at experimental end-point, 4 weeks after tumor cell injection (Figure 26B-C).  

Likewise, CD8+ T-cells lacking EOMES expanded significantly less in leukemic Rag2-/- mice 

than their WT counterparts, as they were present in lower numbers in spleen (Figure 27A). 

The frequency of naïve, memory and effector subsets remained unchanged (Figure 27B), as 

well as the proportion of cells expressing the effector molecules TNFa, GZMB and IFNg after 

ex vivo stimulation with PMA and Ionomycin (Figure 27C-E). 

In summary, these observations reveal an essential role of EOMES for CD8+ T-cell 

expansion and maintenance in mice that develop CLL-like disease, which results in an 

impaired tumor control.  
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Figure 26: Leukemia development is enhanced in Rag2-/- mice transplanted with 
Eomes- /- CD8+ T-cells. WT or Eomes-/- CD8+ T-cells were injected into Rarg2-/- mice prior 
leukemia cell transplantation. (A) Absolute numbers of CD5+ CD19+ CLL cells in PB 2 and 3 
weeks after tumor injection of Rag2-/- mice injected with Eomes-/- (n = 5) or WT (n = 5) CD8+ 
T-cells as measured by flow cytometry. (B) Spleen weight of injected mice at experimental 
end-point. (C) Absolute counts of CLL cells in spleen. Graphs display mean ± SEM, and each 
dot represents one mouse (*p>0.05, Mann-Whitney U test). 
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 The anti-tumor activity of CD4+ T regulatory type 1 cells is 
controlled by EOMES and IL-10 

4.6.1 CLL LNs exhibit increased numbers of EOMES+ PD-1+ TR1-like CD4+ T-
cells 

EOMES has been described to regulate the development of CD4+ type 1 regulatory T-cells 

(TR1) (Zhang et al. 2017; Gruarin et al. 2019). These cells characteristically produce IL-10, 

GZMK and IFNg (Gruarin et al. 2019; Mazzoni et al. 2019), express several inhibitory receptors 

such as PD-1, TIGIT, CD39 and LAG3, and have immunosuppressive functions (Roncarolo et 

al. 2018). However, their role in tumor development remains elusive and completely undefined 

in CLL. Hence, the presence of CD4+ TR1 was investigated in CLL patients. First, examination 

of CD4+ T-cells from CLL LNs analyzed by single-cell RNA-seq identified 9 clusters, which 

included naïve, Tregs, memory, and effector memory T-cells (Figure 28A). Interestingly, a 

cluster of cells differentially expressed PDCD1, TIGIT and several granzymes, including GZMK 

(Figure 28B). 

Figure 27: Eomes-/- CD8+ T-cells fail to expand upon CLL cell transplantation into Rag2-/- 
mice. (A) CD8+ T-cells numbers per spleen in mice injected with Eomes-/- or WT CD8+ T-cells. 
(B) Pecentage of naïve, memory and effector CD8+ T-cells. (C-E) Frequency of (C) TNFa+, (D) 
GZMB+, and (E) IFNg+

 CD8+ T-cells after ex vivo stimulation with PMA and Ionomycin for 6 
hours. Graphs display mean ± SEM and each dot represents one mouse (*p>0.05, **>0.01, 
Mann-Whitney U test). 
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In addition, these cells expressed EOMES, LAG3 and IL10 genes (Figure 28B-C), thus highly 

resembling TR1 cells. Next, and further confirming the presence of TR1 cells in CLL LNs, a 

subset of effector memory CD4+ T-cells co-expressing EOMES+ PD-1+ was identified with 

mass cytometry analyses of CD4+ T-cells (Figure 28D-E). This subset also expressed other 

inhibitory receptors like TIGIT and CD39, and produced GZMK (Figure 28E). Last, the 

distribution of TR1 cells in the different tissues, as well as sample condition – i.e. CLL versus 

control samples – was inspected. Intriguingly, a significantly higher frequency of TR1-like cells 

was found in LNs compared to PB and BM (Figure 28F), underscoring an implication of these 

cells in the CLL TME niche. Moreover, TR1 cells were significantly enriched in CLL LNs 

compared to healthy controls (Figure 28G). 

Altogether, these results confirm the accumulation of TR1 cells in the LNs of CLL patients, 

and thus suggest the possibility of a pathological involvement of this cell subset in CLL.  

 

4.6.2 TR1 cells accumulate in the Eµ-TCL1 mouse model 
To further investigate the role of TR1 cells in CLL, their presence was analyzed in the Eµ-

TCL1 and TCL1 AT mouse models of CLL. For this purpose, splenocytes from end-stage 

diseased mice were isolated, stained, and analyzed by flow cytometry. In both models, a 

significantly higher fraction of EOMES+ PD-1+ TR1-like cells was measured in the leukemia-

bearing mice compared to their respective age- and sex-matched WT controls (Figure 29A). 

Interestingly, the frequency of TR1 cells was higher in aged Eµ-TCL1 mice compared to the 

younger TCL1 AT mice, in line with a previously described accumulation of EOMES+ CD4+ T-

cells with age (Lupar et al. 2015). Additionally, the majority of TR1 cells in TCL1 AT mice 

expressed LAG3 (Figure 29B), further corroborating their TR1 phenotype (Gagliani et al. 2013). 

Next, the Il-10 reporter mice Fir x Tiger were used to investigate IL-10 production upon 

leukemia development. Interestingly, an accumulation of FOXP3- IL-10-producing CD4+ T-cells 

co-expressing PD-1 was detected in all leukemic mice while being completely absent in 

unchallenged controls (Figure 29C), thus indicating a CLL-specific increase of IL-10-producing 

TR1 cells.  

Figure 28: EOMES+ PD-1+ TR1-like cells accumulate in CLL LNs. (A) t-SNE plot of CD4+ T-
cells analyzed by single-cell RNA-seq. Identified clusters are distinguished with different 
colors. (B) RNA expression of EOMES, PDCD1, TIGIT, LAG3 and GZMK in CD4+ T-cells. (C) 
Violin plots depicting IL10 RNA expression in the CD4+ T-cell clusters (D) t-SNE plot of 1 x103 
CD4+ T-cells analyzed by mass cytometry displaying the 15 identified clusters classified 
according to differential protein expression. Clusters are given with different colors. (E) Protein 
expression of EOMES, PD-1, TIGIT, CD39 and GZMK in CD4+ T-cells. (F) Frequency of TR1 
cells in LN (n = 22), PB (n = 8) and BM (n = 3) of CLL patients. (G) Frequency of TR1 cells in 
LN (n = 21), compared to HC (n = 13) (*p<0.05, **<0.01, Mann-Whitney U test). A complete 
characterization of the CD4+ T-cell compartment has been described elsewhere (Paul 2020). 
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In summary, this data thus shows that IL-10 producing TR1 cells accumulate upon leukemia 

development in the Eµ-TCL1 and TCL1 AT mouse models of CLL. 

 

4.6.3 EOMES is essential for TR1-mediated tumor control in TCL1 AT mice 
Even though numerous reports describe an accumulation of TR1 cells in several types of 

cancers, including Hodgkin’s lymphoma, head and neck squamous cell carcinoma, and 

colorectal cancer, the role of TR1 cells in the tumor microenvironment remains under debate 

(Bergmann et al. 2008; Dennis et al. 2013; Scurr et al. 2014). In order to investigate the impact 

of TR1 cells on leukemia progression, the conditional Eomes-/- mice were used, as EOMES has 

an essential role for the development of functional TR1 cells (Zhang et al. 2017; Gruarin et al. 

2019). For this purpose, Rag2-/- mice were transplanted with CD4+ T-cells isolated from 

Figure 29: IL-10 producing TR1 cells expand in TCL1 leukemic mice. (A) Representative 
dot plots (left and center panels) as well as proportion (right graph) of TR1 (EOMES+ PD-1+) 
cells among CD4+ T-cells in Eµ-TCL1 (n = 8) (upper row) and TCL1 AT (n = 7) (lower row) 
mice including respective WT controls (n = 8, n = 5, respectively). (B) Representative 
histogram (upper panel) and proportion of LAG3+ among TR1 cells in WT (n = 5) and TCL1 AT 
mice (n = 7) (lower graph). (C) Representative dot plots (left and center panels) and percentage 
of IL-10-GFP+ PD-1+ cells out of FOXP3- CD4+ T-cells in WT (n = 2) and TCL1 AT FIR x Tiger 
mice (n = 5) (right panel) (**p<0.01, ***<0.001, Man-Whitney test). Data was generated in 
collaboration with Dr. Philipp Rößner and Dr. Bola Hanna from the Department of Molecular 
Genetics at the German Cancer Research Center (DKFZ), Heidelberg. 
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spleens of either Eomes-/- or Eomes+/+ Il10-GFP reporter mice, prior to adoptive transfer of 

TCL1 leukemia cells. Surprisingly, significantly higher amounts of CLL cells were measured in 

PB of mice injected with Eomes-/- CD4+ T-cells compared to those injected with WT CD4+ T-

cells (Figure 30A). In line with this, mice injected with Eomes-deficient CD4+ T-cells showed 

higher spleen weight (Figure 30B) and tumor load in this organ (Figure 30C). 

Monitoring the expansion and phenotype of the transplanted CD4+ T-cells revealed a higher 

amount of Eomes-/- CD4+ T-cells compared to WT cells in PB of leukemic mice over time 

(Figure 31A). However, Eomes-/- CD4+ T-cell absolute counts per spleen (Figure 31B), as well 

as counts per CLL cell (Figure 31C) were significantly lower when measured at the 

experimental end-point. Accordingly, a lower fraction of Eomes-deficient T-cells proliferated in 

the spleen, as measured by KI-67 staining (Figure 31D), further indicating that EOMES is 

associated with TR1 expansion in CLL. Moreover, lack of EOMES resulted in an inferior fraction 

of CD4+ T-cells expressing the TR1 marker proteins LAG3 (Figure 31E), and IL10 (Figure 31F), 

as well as IFNg (Figure 31G), CD107A, and GZMB (Figure 31H) molecules, involved in effector 

function. 

Collectively, these data highlight an essential role of EOMES for the control of CLL 

progression in mice as a result of its involvement in TR1 expansion and cytotoxic function. 
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Figure 30: Leukemia growth is enhanced in Rag2-/- mice transplanted with Eomes-/- CD4+ 
T-cells. Rag2-/- mice were transplanted with Eomes-/- or WT CD4+ T-cells prior injection of 
leukemia cells the following day. (A) Leukemic CD5+ CD19+ cell count in peripheral blood of 
Rag2-/- mice injected with WT (n = 6) or Eomes-/- (n = 8) CD4+ T-cells as measured by flow 
cytometry over time. (B) Spleen weight of mice at experimental end-point. (C) Absolute CLL 
cell counts per spleen at experimental end-point. Graphs show mean ± SEM and each dot 
represents one mouse (*p>0.05, ***>0.001, Mann-Whitney U test). 
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4.6.4 IL10 receptor is essential for the tumor-control function of TR1 
IL-10 receptor (IL10R) signaling has been shown to be essential for TR1 function 

(Brockmann et al. 2017). To investigate the role of IL10R-mediated signaling in TR1 cells and 

its impact in CLL control, either Il10rb-/- or Il10rb+/+ CD4+ T-cells were injected into Rag2-/- mice 

prior to TCL1 adoptive transfer. Interestingly, mice injected with Il10rb-deficient CD4+ T-cells 

presented higher CLL counts in PB over time (Figure 32A), as well as at the experimental end-
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Figure 31: EOMES is necessary for TR1-mediated tumor control in TCL1 AT mice. (A)   
Absolute numbers of CD5+ CD19+ CLL cells in PB of Rag2-/- mice injected with Eomes-/- or WT 
CD4+ T-cells over time. (B) CD4+ T-cell counts per spleen as well as (C) per CLL cell at 
experimental end-point (4 weeks after leukemia injection). (D) Fraction of KI-67+ among CD4+ 
cells. (E) Percentage of LAG3+ cells among PD-1+ CD4+ T-cells. (F) Representative histogram 
(left panel) and quantification (right graph) of the percentage of IL10-GFP expressing PD1+ 
CD4+ T-cells. (G) Representative histogram (left) and fraction of IFNg+ cells among PD-1 CD4+ 
T-cells, as well as (H) nMFI of CD107A and GZMB among PD-1 CD4+ T-cells after ex vivo 
stimulation with PMA and Ionomycin. Graphs display mean ± SEM and each dot represents 
one mouse (**p>0.01, ***>0.001, Mann-Whitney U test). 
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point in spleen (Figure 32B-C), indicating that Il10rb-/- CD4+ T-cells control tumor growth less 

efficiently than their WT counterparts. 

To further assess the contribution of CD4+ T-cells in the observed decrease of tumor control, 

T-cell expansion was monitored over time in PB. CD4+ T-cell counts were increased in mice 

injected with Il10rb-/- CD4+ T-cells compared to those injected with WT CD4+ T-cells three and 

four weeks after tumor transplantation (Figure 33A). A similar trend was observed in spleen at 

the experimental end point (Figure 33B), possibly due to the bigger spleen size (Figure 32B), 

as the number of CD4+ T-cells per CLL cell was reduced in these mice (Figure 33C). In 

addition, no significant difference in proliferation of CD4+ T-cells was found between the two 

groups (Figure 33D). Since the proportion of TR1 cells was significantly higher in mice that had 

received Il10rb-deficient CD4+ T-cells (Figure 33E), the effect of IL10R signaling on TR1 

phenotype and effector function was subsequently analyzed. Clustering of FOXP3- CD4+ T-

cells based on the expression of KI-67, LAG3, PD-1 and EOMES as measured by flow 

cytometry, revealed phenotypic differences between the EOMES+ PD-1+ TR1-like cells of 

Il10rb-/- origin and the WT TR1 cells (Figure 33F), likely driven by a higher expression of PD-1 

(Figure 33G). Moreover, a reduced cytotoxic function of Il10rb-/- EOMES+ PD-1+ CD4+ T-cells 

compared to WT TR1 cells was identified, as measured by IFNg, CD107A and GZMB 

expression upon ex vivo stimulation (Figure 33H, I). 

Altogether, these results underscore that EOMES is indispensable for the accumulation of 

tumor-reactive TR1 cells, whose function, in turn, depends on IL10R signaling for limiting CLL 

progression. 

 

 
 

Figure 32: CLL progression is enhanced in Rag2-/- mice injected with Il10rb-/- CD4+ 
T-cells. Rag2-/- mice were injected with WT or Il10rb-/- CD4+ T-cells or PBS and transplanted 
with TCL1 leukemia cells the following day. (A) CD5+ CD19+ CLL cell counts over time in 
PB of Rag2-/- mice injected with Il10rb-/-, WT CD4+ T-cells or PBS. (B) Spleen weight and 
(C) CLL cell counts in this organ at experimental end-point (4 weeks after leukemia 
injection). Mean ± SEM is shown, and each dot represents one mouse (*p>0.05, **>0.01, 
Mann-Whitney U test). 
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Figure 33: IL10R signaling is essential for TR1-mediated control of CLL in Rag2-/- mice. 
(A) CD4+ T-cell counts over time in PB of Rag2-/- mice transplanted with either Il10rb-/- (n = 6) 
or WT (n = 5) CD4+ T-cells. (B-C) CD4+ T-cell numbers (B) per spleen and (C) per CLL cell at 
experimental end-point (4 weeks after leukemia transplantation). (D) Percentage of KI-67+ cells 
out of CD4+ T-cells. (E) Fraction of TR1 cells out of CD4+ T-cells. (F) A t-SNE plot with 
concatenated WT and Il10rb-/- CD4+ T-cells based on the expression of KI-67, LAG3, PD-1 and 
EOMES was generated. Marker expression for clustered CD4+ T-cells is shown. (G) 
Distribution of Il10rb-/- (top left) and WT (bottom left) TR1 (EOMES+ PD-1+) cells in the t-SNE 
plot, and highlighted in green and black, over the rest of CD4+ T-cells, in grey (middle plot). 
Histograms of marker expression in TR1 cells are shown (right panels). (H) Representative 
histogram (left panel) and percentage (right graph) of IFNg-expressing TR1 cells, as well as (I) 
CD107A and GZMB+ cells after ex vivo stimulation with PMA and Ionomycin. Mean ± SEM is 
displayed in all graphs, and each dot represents one mouse (*p<0.05, **<0.01, Mann-Whitney 
U test). 
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5 Discussion 
Knowledge of CLL-associated changes in the T-cell compartment has rapidly evolved over 

the last few decades. Even though it is currently clear that CLL development elicits an 

accumulation of both CD4+ and CD8+ antigen-experienced T-cells (Totterman et al. 1989; 

Brusa et al. 2013; Hanna et al. 2019), it remains uncertain whether they support CLL-cell 

survival and proliferation, or instead, control disease progression. In addition, discouraging 

results obtained in clinical trials using immune checkpoint inhibitors and CAR-T-cell treatments 

(Porter et al. 2015; Ding et al. 2017) highlight the need for a deeper understanding of the 

distinct T-cell phenotypes associated with CLL. Finally, further investigation of the T-cells 

residing in the secondary lymphoid organs, where interactions between leukemic cells and 

their microenvironment occur, is especially necessary. 

To address these unresolved questions, the present work aimed at characterizing the 

distribution, phenotype, and function of T-cells from CLL patients using single-cell 

transcriptome and mass cytometry analyses. These data were complemented with studies 

using the TCL1 mouse model, in order to resolve the role of specific T-cell subsets in CLL. 

This work constitutes the first study to examine CLL T-cells at the single-cell level, thereby 

unraveling the distinct T-cell subsets present in CLL and their differential compartmentalization 

in lymphoid tissues. Besides, it identifies an EOMES-dependent tumor-control function for both 

CD8+ T-cells and CD4+ TR1 cells. 

 

 Single-cell analyses identify the CLL lymph node as a distinct 
niche where exhausted CD8+ T-cells accumulate 

Single-cell technologies have provided valuable insight into T-cell heterogeneity and 

function in cancer, with the aim to improve immunotherapeutic interventions. While mass 

cytometry analyses permit an unsupervised clustering of a substantial number of cells based 

on their protein expression, it requires the a priori selection of a limited number of markers, 

restricting the investigation of cell phenotypes. Conversely, single-cell RNA-seq is a completely 

unbiased approach, but is currently limited by its high cost, and the reported modest correlation 

between mRNA transcripts and protein levels (Maier et al. 2009; Schwanhausser et al. 2011). 

The combinatorial use of both technologies in this work thus allowed a sophisticated and 

multilevel analysis, while limiting the individual shortcomings of the two techniques. 

Importantly, the integration of the two methods confirmed that they identify equivalent cell 

subsets in comparable frequencies, which validates the analyses performed using either 

approach.  
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On the one hand, the mass cytometry analyses performed herein allowed to go beyond the 

investigation of the canonical TN, TCM, TEF and TEM CD8+ T-cell subsets, as typically done with 

flow cytometry, and shed light into the degree of heterogeneity present within these cell 

subtypes. More specifically, two subsets of TEF cells, as well as six TEM subsets were defined, 

each exhibiting a distinct immunophenotype. In addition, a subset of CD8+ TFC cells, with 

intermediate levels of both exhaustion and naïve markers was newly identified in CLL LNs. 

Similar CXCR5+ CD8+ T-cells have been characterized in tonsils, or LN samples from patients 

with follicular lymphoma, diffuse large B-cell lymphoma, and Hodgkin lymphoma (Tang et al. 

2017; Le et al. 2018; Chu et al. 2019); but also as tumor-infiltrating lymphocytes in several 

solid tumor entities, such as lung, colorectal, and pancreatic cancers (Bai et al. 2017; 

Brummelman et al. 2018; E et al. 2018). In these contexts, CD8+ TFC cells exert an anti-tumor 

function via cytokine secretion and direct tumor-cell killing (Bai et al. 2017; Tang et al. 2017; 

Brummelman et al. 2018; E et al. 2018). Besides, these CXCR5+ CD8+ T-cells harbor stem-

like features and have been suggested to be equivalent to the precursor exhausted TCF7+ PD-

1int CD8+ T-cells identified in chronically infected mice (Brummelman et al. 2018). In the present 

work, however, the absence of effector molecules at the single-cell transcriptome and protein 

level failed to provide any evidence that the described CD8+ TFC cells kill CLL cells. Instead, 

the gene expression profile and the cell-cell interaction analyses suggested that they might 

have functions similar to germinal center-residing CD4+ TFH cells, which promote maturation 

and proliferation of B-cells via CD40 ligation (Grewal and Flavell 1998; Gaspal et al. 2006; 

Vinuesa et al. 2016). At the same time, neither the immunophenotypic nor the transcriptomic 

characteristics of these CD8+ TFC cells provided any indication that they constitute a precursor 

state of exhausted T-cells.  

Intriguingly, the present work described a subset of T-cells that are both CD4+ and CD8+ 

double positive (DP cells), and express high levels of PD-1 and other exhaustion-related 

markers. DP cells have been detected in samples of healthy LNs, breast cancer, melanoma, 

Hodgkin lymphoma, and colorectal cancer (Rahemtullah et al. 2006; Desfrancois et al. 2009; 

Desfrancois et al. 2010; Sarrabayrouse et al. 2011; Overgaard et al. 2015), but an exhausted-

like state as the one herein recognized has not been previously described in these cells.  

Finally, the identification of a TEM cluster with an exhaustion phenotype is of particular 

relevance, given the implication of exhausted T-cells for the success of immunotherapies (Im 

et al. 2016; Utzschneider et al. 2016; Miller et al. 2019; Siddiqui et al. 2019). Exhausted T-cells 

are commonly defined by an increased expression of inhibitory receptors and a reduced 

cytotoxicity (Wherry 2011). The present work does not provide a direct functional assessment 

of the identified TEX cells, and thus whether they retain effector capabilities remains unclear. 

Nevertheless, the elevated protein expression of the inhibitory receptors PD-1 and TIGIT, as 

well as the exhaustion markers CD39, EOMES, and TOX, and the reduced levels of GZMK, 
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highly resemble the phenotype of TEX cells defined in several tumor entities (Chevrier et al. 

2017; Lavin et al. 2017; Bengsch et al. 2018). Interestingly, TEM1 and TEM2 GZMK+ subsets, 

which showed intermediate levels of the exhaustion markers and higher GZMK expression, 

likely correspond to an intermediate functional state, as previously described by inferred 

developmental trajectories in single-cell studies in melanoma, liver cancer, breast cancer, and 

non-small-cell lung cancer (Zheng et al. 2017; Guo et al. 2018; Li et al. 2019; Wagner et al. 

2019). The application of similar methods to ascertain cell differentiation dynamics would be 

useful to confirm the relation of TEM1 and TEM2 GZMK+ subsets with TEX cells.  

 

On the other hand, single-cell RNA-seq analyses of T-cells from CLL LNs determined cell 

subsets based on their differential gene expression. In general, the transcriptome profile of the 

identified cell clusters strongly resembled that of subsets described in numerous studies 

investigating T-cell heterogeneity in various tumor types, where similar marker genes denoted 

TN, cytotoxic T-cells, Tregs, follicular T-cells, as well as CD8+ and CD4+ TEM cells (Tirosh et al. 

2016; Chung et al. 2017; Puram et al. 2017; Li et al. 2019; Aoki et al. 2020; Kim et al. 2020; 

Roider et al. 2020). The presence of similar phenotypes therefore suggests that a largely 

analogous T-cell response is elicited upon tumor growth in solid and hematopoietic cancers 

(van der Leun et al. 2020).  

However, clustering of all cells including CLL cells and both CD4+ and CD8+ T-cells 

delivered limited information on the different CD8+ T-cell subsets. Thus, further CD8+ T-cell-

specific clustering allowed to inspect the transcriptomic differences between these cells. 

Specifically, CD8+ TEM cells could be divided in several subsets, which differed in the 

expression of several genes related to cytotoxic function, including granzymes and 

chemokines, as well as heat-shock proteins. Although a cluster of cells expressing heat-shock 

proteins has been described in melanoma (Sade-Feldman et al. 2018), an interpretation of its 

biological relevance should be taken with caution, since heat-shock and stress response gene 

expression changes could originate from technical artifacts linked to sample preparation 

(O'Flanagan et al. 2019). Independently of this, differential protein levels of granzymes and 

other cytokines have been reported in CD8+ T-cells from PB upon antigen recognition 

(Sandberg et al. 2001; Bade et al. 2005), indicating the existence of CD8+ T-cell subsets with 

distinct cytotoxic properties. Interestingly, the observation that individual TCR clones were 

shared by the TEM2 CCL4+ and TEM4 GZMH+ subsets suggests that these cells are not 

completely independent of each other, but might constitute cell state transitions. Indeed, the 

existence of such relationship between T-cell subsets sharing the same TCR sequences has 

been further supported with trajectory analyses on CD8+ T-cells from non-small-cell lung 

cancer (Guo et al. 2018). The identification of TEM3 GZMK+ cells may, in turn, represent further 

evidence for the presence of the above-mentioned pre-dysfunctional population in CLL. 
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Notably, no TEM subset overexpressed inhibitory receptors or other exhaustion-related 

markers, hampering the definition of a TEX subset. This observation differs from numerous 

single-cell RNA-seq studies of infiltrating T-cells in solid tumors, in which a subset of T-cells 

displaying features of exhaustion was described (Tirosh et al. 2016; Zheng et al. 2017; Sade-

Feldman et al. 2018; Li et al. 2019). The lack of a specific TEX subset in the present work might 

be explained by the lower number of cells and samples analyzed, which could have hindered 

the identification of small cell populations, especially if their phenotype is highly similar to other 

subsets, like TEM3 GZMK+ cells.  

 

In addition to immunophenotyping the CD8+ T-cells from PB, BM and LNs of CLL patients, 

the analysis of the cell subset distribution revealed significant differences between the three 

compartments, underlining the effect of the tissue environment on the diversity of T-cell states. 

PB samples contained increased frequencies of TEF2 TBET+ and TEM3 KLRG1+ TBET+ subsets, 

in line with a reported expansion of TBET-expressing effector CD8+ T-cells in blood versus 

LNs of CLL patients (Riches et al. 2013; de Weerdt et al. 2019; Hanna et al. 2019). Intriguingly, 

BM tissue composition resembled that of PB rather than LN. This observation together with 

the previously described lower CLL cell proliferation rate in this tissue suggests that BM is not 

a central location for leukemia development and interactions between malignant B-cells and 

their TME (van Gent et al. 2008; Herndon et al. 2017). Nevertheless, a contamination of T-

cells from PB during biopsy acquisition, which would mask the real BM composition, cannot 

be excluded, and thus future experiments should validate these observations.  

Interestingly, the unique presence of several T-cell subsets in LNs defined this tissue as a 

distinct niche. On the one hand, CD8+ TFC and TEM4 ICOS+ were found in higher percentages 

in LNs, in accordance with their physiological function in the formation and maintenance of 

GCs in SLOs (Crotty 2011; Wikenheiser and Stumhofer 2016). On the other hand, earlier 

studies have described an enrichment of TEM cells in LN compared to PB of CLL patients, as 

well as an increased percentage of PD-1-expressing cells (de Weerdt et al. 2019; Hanna et al. 

2019). Importantly, the results of the present work confirm and further expand on these 

observations, reporting higher frequencies of TEM2 GZMK+, TEX, and proliferating cells in LNs. 

Given the increased interactions occurring between CLL cells and their surrounding cells in 

LNs compared to PB (Herishanu et al. 2011; Pasikowska et al. 2016; Herndon et al. 2017), it 

is tempting to speculate that the LN niche facilitates chronic TCR stimulation by constant 

antigen exposure and persistence of inflammatory signals, thereby contributing to T-cell 

exhaustion (Wherry 2011). Overall, the divergence between the two tissues, and specially the 

accumulation of TEX cells in LNs, which is poorly reflected in PB, highlights that biomarkers 

based on blood T-cells might not accurately reflect the LN T-cell composition. Thus, further 
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evaluation of T-cell phenotypic characteristics particularly in this tissue is needed in order to 

better understand the functional role of the diverse T-cell subsets in leukemia progression.  

 

Finally, one fascinating observation was made upon association of CD8+ T-cell subset 

frequencies with clinical factors: different percentages of CD8+ TEM4 ICOS+ cells were found 

between IGHV-mutated and unmutated patients. Importantly, an analogous CD4+ TEM ICOS+ 

population identified upon CD4+ T-cell investigation, was likewise enriched in IGHV-mutated 

compared to unmutated CLL patients (data not shown, described by Paul, 2020), suggesting 

that ICOS expression in T-cells is linked to IGHV mutational status in CLL. ICOS is a member 

of the immunoglobulin family of co-receptor molecules that is rapidly induced upon TCR 

activation (Hutloff et al. 1999; Yoshinaga et al. 1999; McAdam et al. 2000) and has been 

described to play a co-stimulatory function in T-cell adaptive immunity (Arimura et al. 2002). In 

addition, it has also been linked with the generation of class-switched antibodies and germinal 

center reaction when binding to ICOSL in APCs (Yoshinaga et al. 2000; Hu et al. 2011). Given 

the aforementioned function, it is tempting to speculate that the distinctive presence of ICOS-

expressing T-cells in IGHV-mutated and unmutated cases might be linked to the proposed 

different cellular origin of CLL cells (Seifert et al. 2012). Accordingly, post-GC IGHV-mutated 

CLL cells might promote the accumulation of ICOS+ T-cells, whereas pre-GC IGHV-unmutated 

ones would not. Future studies should focus on understanding the role of ICOS+ T-cells in the 

TME niche in CLL, including additional experimental validation of these results with a larger 

patient cohort. 

 

 CLL elicits a tumor-specific CD8+ T-cell response 

It has been extensively described that increased numbers of antigen-experienced CD8+ T-

cells are found in patients with CLL in comparison to healthy individuals (Nunes et al. 2012; 

Brusa et al. 2013; Gothert et al. 2013; Riches et al. 2013; Palma et al. 2017). However, the 

question whether these cells are bystanders that accumulate as a consequence of tumor-

related microenvironmental changes, or whether they recognize and react against CLL cells is 

still under debate. In addition, because SLOs are also the site of effector T-cell accumulation 

during infections, leukemia-associated alterations can be masked by co-occurring immune 

responses against pathogens. Infections are, in fact, especially prevalent in CLL patients, in 

which leukemia-induced immunosuppression often leads to reactivation of EBV or CMV 

infections (Riches and Gribben 2013; Forconi and Moss 2015; Garcia-Barchino et al. 2018). 

Partly addressing this question, studies have reported an association between CD8+ T-cell 

numbers and tumor load (Catovsky et al. 1974; Totterman et al. 1989; Hanna et al. 2019), and 

the CD8+ T-cell per CLL-cell ratio has been linked to improved overall survival of CLL patients 

(Gonzalez-Rodriguez et al. 2010). In addition, Kowalewski et al. identified CLL-specific 
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antigens and demonstrated that a T-cell immune recognition of tumor cells occurred only in 

patients and not in healthy controls, and that the patients displaying such immune responses 

had, in turn, a survival benefit (Kowalewski et al. 2015). With these observations, the 

hypothesis that CD8+ T-cells react against malignant cells has been increasingly gaining 

attention. However, most of these studies have only investigated cells isolated from PB, and 

have not compared T-cell phenotypes between CLL and tumor-free LN samples. The present 

work provides four novel layers of evidence that further support a leukemia-directed T-cell 

immune response. 

First, changes in subset frequencies distinguished CLL LNs from rLNs of cancer-free 

donors, emphasizing the existence of specific CLL-associated changes in the T-cell 

compartment. More precisely, the decreased percentage of TN cells in CLL LNs largely 

contributed to the separation of CLL from control samples. In addition, one of the central 

findings of this work is that exhausted T-cells accumulate in CLL LNs compared to healthy 

controls, as observed by the increased frequency of TEX CD39+ and proliferating cells, together 

with a tendency of higher TEM2 GZMK+ numbers in patient samples. This observation would 

not only support the idea of the accumulation of tumor-reactive T-cells but also confirm the 

existence of a dysfunctional T-cell subset induced by CLL cells. In fact, CD39 has recently 

been described to be present on tumor antigen-specific T-cells but absent on virus-specific 

ones across several tumor entities, suggesting CD39 as a surrogate marker for exhausted, 

tumor-reactive T-cells (Canale et al. 2018; Duhen et al. 2018; Simoni et al. 2018).  

Second, the association of T-cell phenotypes with the clinical parameters of patients 

revealed that TEM1 subset frequencies in LNs positively correlated with TL, while at the same 

time, the number of TN cells decreased with higher TL percentages. These correlations suggest 

that with increasing leukemia cell amounts, higher numbers of TN cells get activated upon 

antigen recognition and acquire a TEM phenotype. Similar associations have been described 

in blood of CLL patients (Palma et al. 2017; Hanna et al. 2019), which indicates that the on-

going anti-tumor reactivity from the LNs is partly reflected in the periphery. 

This idea is supported by the third layer of evidence: the investigation of TCR sequences at 

the single-cell level showed that clonally expanded T-cells predominantly consisted of CD8+ 

TEM cells. In line with this, an increased T-cell oligoclonality in the blood of CLL patients 

compared to healthy controls has previously been reported based on bulk RNA-seq of the TCR 

beta chain (Serrano et al. 1997; Vardi et al. 2017; Blanco et al. 2018). Even though T-cell 

clonality alone cannot be used as a proxy for tumor-reactivity, as evidenced by the presence 

of virus-specific TCRs, the identification of a T-cell clone recognizing the CLL-overexpressed 

BST2 protein in this study further reinforces these findings (Gong et al. 2015; Bagaev et al. 

2020). 
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Fourth, the use of the TCL1 AT mouse model showed that lack of CD8+ T-cell expansion 

due to a lack of EOMES led to a significantly enhanced leukemia development, underlining 

that CD8+ T-cells exert some control of CLL growth. The available evidence for the role of 

EOMES in regulating CD8+ T-cell activation and exhaustion is further discussed in Section 5.5. 

Altogether, the results obtained in this study indicate that the accumulation of CD8+ TEM 

cells in CLL does not result from unspecific stimulatory cues present in the CLL 

microenvironment, but occurs as a consequence of an antigen-specific recognition of leukemia 

cells.  

 

Following the consideration of the enrichment of TEX as well as the correlation of TEM cells 

with tumor load in CLL LNs, the questions arise whether a developmental relationship between 

antigen-experienced TEM and TEX cells exists, and which factors underlay T-cell exhaustion in 

CLL. As discussed earlier, the investigation of state differentiation trajectories using single-cell 

data as well as in vivo validation would help resolve the former. Because frequencies of TEX 

cells were not directly associated with TL, additional factors to tumor antigen load likely 

determine the differentiation and accumulation of TEX cells. Similar to what has been described 

in chronic viral infections, secreted factors like IL-10, TGF-b, and type I IFNs (Brooks et al. 

2006; Ejrnaes et al. 2006; Tinoco et al. 2009; Teijaro et al. 2013; Wilson et al. 2013), or the 

TCR stimulation strength (Blattman et al. 2009; Martinez-Usatorre et al. 2018), might also 

regulate T-cell exhaustion in CLL. In addition, whether the accumulation of TEX cells has a 

clinical impact remains to be elucidated. Even though no direct correlation between TEX cells 

and clinical outcome could be established in this work, an implication of these cells in disease 

development should not be excluded. Along this line, studies with larger patient cohorts have 

found higher levels of PD-1+ antigen-experienced T-cells in blood of progressive CLL patients 

(Palma et al. 2017), and patients with a more advanced disease stage presented increased 

levels of terminally differentiated CD8+ T-cells (Brusa et al. 2013). Because tumor-reactive TEX 

cells are promising targets for immunotherapy, follow-up experiments with larger patient 

cohorts should elucidate the origin and functional role of TEX cells in LNs of CLL patients. 

Ultimately, a better understanding of the transcriptomic and functional characteristics of tumor-

reactive T-cells will significantly aid in improving existing and novel immunotherapy 

approaches for CLL. 

 

Finally, it is important to underline that there are some limitations to the results obtained 

using single-cell analyses in this work. First, the comparison performed between CLL and 

healthy control groups bears a sample collection bias. On the one hand, even though rLN are 

classified as tumor-free, dissections of these tissues are performed in case of persistent LN 

enlargement, which might occur due to an acute inflammation (Slack 2016; Tzankov and 
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Dirnhofer 2018). Such condition likely impacts the T-cell subset composition and therefore 

these samples do not accurately represent a LN of a healthy individual. As an example, the 

increased percentages of TEF1 CD27+ an DP1 TEX CXCR5+ in rLNs in comparison to CLL LNs 

may be a consequence of an on-going immune response (Hendriks et al. 2000; Kitchen et al. 

2004; Nascimbeni et al. 2004). Consequently, some additional CLL-induced changes which 

also occur during acute infections could remain undetected. On the other hand, LN biopsies 

from CLL patients are not routinely performed, but only obtained to examine cases with 

lymphadenopathy, or when the progression into a lymphoma is suspected. Therefore, the 

phenotypical characterization herein identified might only represent a fraction of CLL patients 

whit enlarged LNs. 

Second, a significant difference in the average age between HC and CLL samples exists in 

the studied cohort, representing a confounding factor in the comparison of these two groups. 

Although a contribution of age in all subset frequency differences cannot be completely 

excluded, the association between these two factors suggests that only the differences 

observed in TEX and TN subsets might be directly influenced by age. Shrinkage of the naïve T-

cell compartment as a consequence of aging has been widely described (Goronzy et al. 2015), 

making it difficult to distinguish between the contributions of disease state and age. Instead, 

TEX cell percentages do not increase along with age in HC donors, and CLL patients of older 

age display a wide range of TEX percentages, which suggests that leukemia development might 

determine, in part, the accumulation of these cells. A future analysis of the T-cell phenotype 

differences between CLL LNs and HC avoiding an age bias should therefore confirm the 

reported observations. 

Third, even though single-cell technologies are becoming standard laboratory 

methodologies, technical as well as analysis-related challenges may still affect the quality of 

the generated data. In general, factors that influence data quality in single-cell studies include 

the cell isolation procedure, the number of cells analyzed, the transcript capture efficiency, the 

doublet cell rate, and the sequencing depth (Lahnemann et al. 2020). At the computational 

level, regardless of the technology used, bioinformatic processing, including dimensionality 

reduction and cell clustering, requires the selection of various parameters (e.g. clustering 

resolution) which may also impact the results and the interpretation of the data. As only vague 

guidelines for these metrics exist to date, the range of results that can be obtained remains 

excessive (Kiselev et al. 2019). In the present work, an optimized experimental processing of 

the samples and a sequencing coverage saturation minimized technical noise. However, the 

analysis of only three samples via single-cell RNA-seq likely limited both the identification of 

all existing T-cell states in CLL patients and the significance of the described clusters. At the 

same time, the relatively small number of cells examined likely prevented the discovery of 

minor T-cell subpopulations present in the CLL LNs (Szabo et al. 2019; Le et al. 2020). 
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Regarding the mass cytometry dataset, even though it provided a good general impression of 

the CLL-associated T-cell changes, its small sample size restricted the statistical power of the 

downstream analyses. With respect to the bioinformatic analyses, despite following various 

approaches to define the true dimensionality and number of clusters for the two datasets 

(Butler et al. 2018; Stuart et al. 2019), the determined number of cell subsets likely does not 

represent the biological ground truth. Ultimately, whether the herein described subsets 

precisely reflect existing T-cell types – with the definition of a cell type being an interesting 

question by itself – will require the generation of larger single-cell datasets and additional 

functional assays.  

 

 The cellular crosstalk between CLL cells and T-cells in the LN 
niche is composed of both stimulatory and inhibitory signals 

CLL cells essentially depend on their microenvironment in the SLOs for receiving pro-

survival and proliferation signals from neighboring cells (Burger 2011). Through 

microenvironmental interactions, LN-resident CLL cells upregulate gene sets of the NF-kB 

pathway, resulting in increased anti-apoptotic signaling (Herishanu et al. 2011) and protection 

from chemotherapeutical agents (Vogler et al. 2009). Upon these observations, there has been 

an intense effort to characterize the interactions responsible for the transcriptional changes in 

CLL cells, in order to modulate them and thus achieve the complete eradication of malignant 

cells. However, up until now, most studies used bulk transcriptomic approaches, as well as in 

vitro co-culturing systems, utilizing cells isolated form PB (Burger et al. 2000; Vogler et al. 

2009; Herishanu et al. 2011; Pascutti et al. 2013). Under these conditions, the complexity of 

the microenvironmental connections is likely underestimated, and the contribution from 

specific cells residing in the LNs cannot be recognized. Hence, single-cell transcriptome 

analyses represent a valuable tool for assessing the cross-talk between CLL cells and T-cell 

subsets, where not only the signals regulating leukemia cell growth, but also those modulating 

T-cell function can be identified. 

The data obtained in this work provide a first account of the specific cellular interactions that 

are likely established between T-cells and CLL cells in the LNs. As normal B-cells depend on 

signals from follicular helper T-cells in germinal centers (Qi 2016; Vinuesa et al. 2016), CLL 

cells similarly benefit from these interactions, including the above-mentioned pro-survival 

signals from CD40- CD40L binding (Kitada et al. 1999; Pascutti et al. 2013). Crucially, the 

performed single-cell analyses elucidated that all CD4+ subsets, aside of TFH cells, provide pro-

survival signals to CLL cells by expressing CD40L. Furthermore, these subsets appeared to 

establish additional interactions with CLL cells, such as CD28 binding to CD86, IL-2 secretion, 

as well as TRAILR binding to TRAIL, the signaling of which have been shown to stimulate 

leukemia cells (Suvas et al. 2002; Secchiero et al. 2005; Rau et al. 2009; Decker et al. 2010). 
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Tregs additionally interacted with CLL cells via SELL- SELPLG, which has been reported to 

promote malignant B-cell adhesion (Csanaky et al. 1994). Importantly, CD8+ TEM and TTOX cells 

expressed CD28, and secreted TNFa and INFg, while CLL cells expressed the respective 

receptors for these molecules. With this finding, the idea of CD8+ T-cells exerting only an anti-

tumoral function is confronted by the fact that these interactions have been shown to promote 

survival and proliferation on CLL cells (Buschle et al. 1993; Reittie et al. 1996). Simultaneously, 

the cell subsets inducing CLL cell survival and proliferation could provide apoptotic signals via 

LAIR1-LILRB4 and SIRPG- CD47 interactions, a mechanism suggested to be involved in 

restraining tumor growth in long-term non-progressing patients (Martinez-Torres et al. 2015; 

Zurli et al. 2017). 

In addition to the identification of the signals affecting CLL cells, this analysis was able to 

describe the mechanisms by which CLL cells modulate their microenvironment, evading 

immune surveillance by inhibitory signal induction on T-cells. For example, CLL cells interacted 

with CD4+ TEM via LILRB4- LAIR1, and with TTOX cells by galectin-9 binding to TIM-3, the 

signaling of which have been shown to inhibit T-cell effector function (Meyaard et al. 1997; Das 

et al. 2017).  

Altogether, these observations illustrate the existence of an intricate network of stimulatory 

and inhibitory signals established between T-cells and CLL cells. The single-cell component 

of this approach, in addition, helps to discriminate at cell-subset level the specificity of these 

interactions, and underscores the difficulties of classifying T-cells as strictly pro- or anti-

tumoral. A significant limitation of the present analysis, however, is that the ligands and 

receptors expressed in a general or cell subset-unspecific manner were not further 

investigated, but could still significantly impact the signalome of leukemic cells and surrounding 

T-cells. Moreover, it remains unclear whether the interactions that were identified play a 

determinant role in disease progression. Future work should thus focus on analyzing the 

complete CLL interactome, including interactions established between all cell subsets present 

in the tissue, and should compare the cross-talk established between cells in LNs from CLL 

patients to that found in healthy lymph nodes. Such approach would undoubtedly facilitate the 

identification of signals that are specific to or increased during leukemia development. The use 

of imaging-based spatial single-cell technologies at the protein level (Giesen et al. 2014) would 

for example prove the specificity as well as relevance of the identified interactions, which could 

ultimately be tested experimentally in mouse models. The knowledge acquired with these 

studies could be central for the identification of new therapeutic targets for CLL and 

significantly improve the response to existing therapies. 
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 The suitability and limitations of the TCL1 AT mouse model of 
CLL 

Since its generation almost 20 years ago (Bichi et al. 2002), the Eµ-TCL1 mouse model has 

contributed substantially to the characterization of CLL pathogenic mechanisms as well as the 

development and testing of novel therapeutic approaches (Bresin et al. 2016). Notably, 

previous research reported evidence that the fully immunocompetent mouse line and the 

adoptive transfer model recapitulate the complex TME in the different organs and thus 

represent a valuable tool for investigating the leukemia-associated niche. For example, with 

the aim of comparing the tumor-induced T-cell defects between the Eµ-TCL1 mouse model 

and CLL patients, Gorgun et al. using bulk RNA microarrays observed that the gene-

expression patterns in splenic CD4+ and CD8+ T-cells of leukemic mice highly resembled those 

from respective cells in PB of CLL patients (Gorgun et al. 2009). Succeeding efforts by other 

groups identified in the murine model a marked T-cell subset skewing from naïve to antigen 

experienced cells, and a CLL-induced exhausted phenotype, analogous to human CLL 

(Hofbauer et al. 2011; Gassner et al. 2015; McClanahan et al. 2015a; McClanahan et al. 

2015b; Wierz et al. 2018; Hanna et al. 2019). Adding to this knowledge, the results obtained 

in this work describe at the single-cell level the acquired phenotypes of splenic T-cells from 

end-stage diseased TCL1 AT mice, thereby detailing the similarities and disparities between 

the mouse model and CLL patients. Importantly, clustering of murine T-cells based on their 

transcriptomic profile identified an overall T-cell phenotype comparable to LN-derived T-cells 

from CLL patients: murine T-cells were constituted by a high percentage of naïve cells, and 

subsets of effector and memory cells, as well as Tregs. Conversely, cell subsets containing 

CD4+ and CD8+ T-cells in a proliferating and exhausted state were exclusively identified in the 

murine samples. In line with the above-mentioned reports, the presence of these cells in the 

murine model provide further evidence for the existence of these cells in CLL. 

Additionally, the identification of a subset of T-cells with a distinct transcriptomic profile 

induced by IFN type I signaling is intriguing and poses several fascinating questions about 

their origin and role in the CLL TME. A similar type I IFN-driven CD4+ T-cell population has 

been identified in single-cell studies of different tumors and of allergy, in both human and 

mouse, suggesting that these cells can be generally induced by tissue inflammation (Magen 

et al. 2019; Szabo et al. 2019; Tibbitt et al. 2019). On the one hand, Szabo et al. proposed that 

type I IFN-responding cells represent a TCR-induced early activation state of CD4+ T-cells 

prior to initiation of proliferation (Szabo et al. 2019). Instead, another study found these cells 

to be at the end of the inferred differentiation path (Magen et al. 2019), thus leaving the 

question of their origin unanswered. Regarding their function, type I IFN signaling has been 

linked to cancer immunosurveillance by increasing PRF1 and GZMB gene expression, and 

promoting cell survival of cytotoxic T lymphocytes (Curtsinger et al. 2005; Guillot et al. 2005; 
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Ilander et al. 2014). Despite this, IFNa administration to pre-treated CLL patients did not have 

any effect on progression-free survival or CD4+ T-cell counts (O'Brien et al. 1995). Additional 

studies will be therefore necessary to confirm the presence of this subset in patients and to 

assess its role in CLL.  

In contrast, follicular T-cells including both CD8+ TFC and CD4+ TFH, which were readily 

distinguished in LNs of CLL patients with a very distinct transcriptomic profile, were not 

detected in spleen of TCL1 AT mice. The fact that these cells were not recognized in murine 

samples might be due to the low number of cells and samples analyzed, and thus additional 

samples should be examined to exclude this possibility. Additionally, CD4+ TFH cells and CD8+ 

CXCR5+ cells have previously been detected in LNs and spleen of mice (Im et al. 2016; Miles 

et al. 2016; Yu and Ye 2018; Magen et al. 2019), and therefore, a complete absence of these 

cells in the spleen of TCL1 mice seems unlikely. Because research of CD8+ TFC cells is scarce 

in CLL patients, and given their described role in anti-tumor immunity in other cancers, the 

identification and subsequent characterization of these cells in mouse will be of great 

importance for determining their pro- or anti-tumor role in CLL. 

 

Further contributing to the hypothesis of a tumor-specific T-cell reaction in CLL, an 

enrichment of clonally expanded CD4+ and CD8+ T-cells has previously been observed in 

TCL1 mice (Hofbauer et al. 2011; Hanna et al. 2019), similar to what was described for patients 

(Vardi et al. 2017; Blanco et al. 2018). For CD8+ T-cells, this enrichment was shown to be 

specific to effector cells (Hanna et al. 2019). In line with this, the evaluation of T-cell clonality 

based on the single-cell data obtained herein revealed that the clonal expansion of murine 

CD8+ T-cells is restricted to TEX cells. Strikingly, however, the complete picture of the clonal 

status of all T-cell subtypes in the TCL1 AT mouse model underscored that clonally expanded 

T-cells were predominantly CD4+ T-cells, in sharp contrast to human LNs, where CD8+ T-cells 

represented the clonally expanded fraction. While this observation should be taken with 

caution, as it is based on the analysis of only two murine samples, such a disparity raises 

important questions about the suitability of the mouse model to precisely recapitulate the T-

cell immune response of CLL patients. Hence, it will be crucial to validate these observations 

with the analysis of additional samples. 

Interestingly, T-cell expansion clearly occurred to a greater extent in one of the analyzed 

mouse samples versus the other, despite the fact that both mice were transplanted with CLL 

cells from the same donor mouse and had a similar tumor load at time of sampling. This 

disparate response could derive from the heterogeneous CLL clone dynamics occurring in the 

mouse model (Zaborsky et al. 2019), with some tumor clones eliciting a stronger immune 

reaction compared to others (McGranahan et al. 2016). 
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Last, and most importantly, the cellular interactions found in the CLL TME of the TCL1 AT 

mouse model largely resembled those of the CLL LNs. Both CLL-supportive and inhibitory 

signals were found to be present in the respective murine subsets, mainly CD4+ T-cells, but 

also TIFN, TEX, and CD8+ TM cells. In addition, inhibitory signals for T-cells, including CD39- 

ADORA2A and PD-1- PD-L1 and PD-L2, could be observed in the mouse data set, which is in 

line with a previously described improvement of leukemia immune control when blocking these 

interactions (McClanahan et al. 2015a; Arruga et al. 2020). 

The additional presence of myeloid cells highlights the role of these cells in providing 

support to CLL cells, as they expressed multiple signals including ligands that bind to integrins 

and semaphorins in CLL cells, which have been shown to promote proliferation and survival 

of malignant B-cells (Vincent et al. 1996; Granziero et al. 2003; Deaglio et al. 2005). At the 

same time, these cells also aggravate T-cell inhibition by expressing PD-L1 and ADORA2A 

(data not shown, (Hanna et al. 2016). Given these observations, it would be interesting to 

examine the interactome of the complete CLL TME in order to identify the most prominent 

interactions promoting both leukemia cell survival and T-cell exhaustion.  

Overall, the analysis performed here underlines that the T-cell distribution and phenotype 

in the TCL1 mouse model largely recapitulates the pathogenic situation in CLL patients, and 

thus represents an effective tool for the study of the functional role of T-cells in CLL 

progression.  

 

 EOMES is necessary for CD8+ T-cell expansion and control of 
CLL development 

As previously mentioned, CLL has a strong component of heritability, with an approximately 

8.5-fold increased risk for first-degree relatives of CLL patients (Goldin et al. 2009). Among 

numerous genetic alterations, genome-wide association studies have identified several SNPs 

increasing susceptibility to CLL (Berndt et al. 2013; Berndt et al. 2016). One of these, 

rs9880772, is located in close proximity to the EOMES gene and, based on their H3K27ac 

profiles, appears to be in a heterochromatic region in CLL cells (Speedy et al. 2019). The 

examination of the chromatin state based on six histone modifications (H3K4me3, H3K4me1, 

H3K27ac, H3K36me3, H3K27me3, and H3K9me3) of several B-cell subsets in this work 

corroborated this observation. Adding further evidence, both bulk RNA and single-cell RNA-

seq identified no EOMES transcript in B-cell subsets and CLL cells, respectively. Altogether, 

these observations point towards the exciting possibility that the abovementioned EOMES 

SNP might be related to CLL pathogenesis through its expression in cells from the TME rather 

than in the neoplastic cell itself. In other words, the EOMES SNP could lead to an inferior 

capacity of microenvironmental cells to control malignant B-cells. Following this idea, the 

rs9880772 genotype was obtained for 14 LN samples analyzed by mass cytometry. However, 
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risk allele frequency was too low (1 out of 14) to statistically assess the relationship with 

EOMES protein levels (See Supplementary Section 6.1). Of note, the odds-ratio of this SNP 

is only 1.17 (Berndt et al. 2013), and accordingly, a dramatic effect on EOMES expression or 

function cannot be expected. Ultimately, the exact effect of rs9880772 in EOMES remains 

unanswered, and would need to be assessed in a sufficiently large cohort of CLL patients. 

Confirming that EOMES is expressed in cells of the tumor microenvironment, memory CD8+ 

T-cell, as well as NK cells, exhibited open chromatin at the EOMES locus, and 

correspondingly, expression of the gene. Importantly, the single-cell RNA sequencing analysis 

of CLL LNs showed that EOMES is expressed in CD8+ TEM1 cells but also in the CD4+ TEM1, 

TTOX, and TF cells, the identification of which would have otherwise been missed with the bulk 

microarray data. Hence, a SNP-driven effect on CLL control through all these cells is possible. 

While the role of EOMES in CD8+ and CD4+ T-cells has been investigated in the present work, 

its function in NK cells in the CLL context has not been addressed. Given that EOMES 

regulates NK cell proliferation and effector function (Gordon et al. 2012; Daussy et al. 2014; 

Zhang et al. 2018a), the EOMES SNP is likely to also affect these cells, and thus this question 

should be addressed in future studies. 

EOMES regulates the transcriptional program that promotes CD8+ T-cell effector cytolytic 

differentiation, and maintains memory T-cell homeostasis by regulating IL-2RB expression 

(Intlekofer et al. 2008; Cruz-Guilloty et al. 2009; Banerjee et al. 2010; Pipkin et al. 2010). 

Besides, its expression has been reported highest in exhausted T-cells in several tumors, 

including colorectal cancer, melanoma, non-small cell lung cancer and acute myeloid leukemia 

(O'Brien et al. 1995; Sade-Feldman et al. 2018; Zhang et al. 2018b; Jia et al. 2019; Li et al. 

2019). Accordingly, EOMES protein levels were detected in all TEF, TEM subsets in mass 

cytometry analyses and its expression was highest in TEX and proliferating cells. Thus, the 

higher EOMES levels in CLL LN samples compared to rLN are unsurprising, given the 

significantly higher frequency of TEX and proliferating cells in CLL patients. In addition, these 

results were mirrored in the Eµ-TCL1 and TCL1 AT mouse models, where leukemic mice 

showed higher frequencies of EOMES+ CD8+ T-cells compared to WT mice. Such difference 

is a result of a disease-driven T-cell skewing towards effector and memory T-cells. Notably, 

the discrepancy in subset frequencies and consequently EOMES levels between the two 

mouse models can likely be explained by the dynamics of the disease development. Eµ-TCL1 

mice develop a CLL-like disease over the duration of one year and thus pronounced TM 

changes may result from acquired memory to some tumor clones (Landau et al. 2013). 

Conversely, a more acute immune reaction against CLL cells might be present in the TCL1 AT 

model. Importantly, higher expression of EOMES in exhausted T-cells was demonstrated with 

both single-cell RNA-seq and flow cytometric analyses in both mouse models, in agreement 

with the expression pattern observed in human T-cells. 
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Crucially, the presented data show that EOMES-deficiency leads to an impaired CD8+ T-

cell proliferation and, consequently, to faster CLL development, providing evidence for a CD8+ 

T-cell-mediated control of CLL. These results are in agreement with a previous study showing 

that constitutive expression of EOMES enhances CD8+ T-cell expansion and survival, thereby 

improving tumor control in a mouse model of lymphoma (Furusawa et al. 2018). Instead, no 

significant impact of EOMES on the differentiation or functional capacity of CD8+ T-cells was 

observed in the TCL1 AT mice, diverging from the described involvement of EOMES in 

regulating the expression of effector molecules such as perforin, granzyme B and IFNg, as well 

as memory formation (Intlekofer et al. 2008; Cruz-Guilloty et al. 2009; Banerjee et al. 2010; 

Pipkin et al. 2010). It is important to keep in mind, however, that EOMES plays distinct roles 

under acute and chronic inflammatory conditions. On the one hand, the above-mentioned 

function in promoting the expression of effector genes is explained under an acute immune 

response to viral infection. On the other hand, EOMES has been suggested to induce a specific 

distinct set of genes associated with T-cell exhaustion in chronic viral infection (Doering et al. 

2012). In this context, depletion of EOMES in CMV-reacting CD8+ T-cells leads to a decreased 

exhaustion phenotype, including lower expression of PD-1, and increased levels of TNFa+ 

IFNg+ cells (Paley et al. 2012). In cancer, Li et al. reported that tumor-infiltrating lymphocytes 

lacking Eomes fail to expand and produce effector molecules, but also express lower levels of 

the inhibitory receptors PD-1 and TIM-3 (Li et al. 2018). Further complicating the situation, this 

disparity might partly be due to the overlapping function of EOMES with the phylogenetically-

related TF TBET (encoded by TBX21), which has been described to induce expression of 

effector molecules during acute infections in a similar manner as EOMES (Intlekofer et al. 

2005; Intlekofer et al. 2008), but does not induce an exhausted phenotype under chronic viral 

infections (Kao et al. 2011). Hence, the interplay of several factors likely masks the specific 

role of EOMES in controlling T-cell effector function and exhaustion in the CLL mouse model. 

Additional studies will be necessary to elucidate the specific conditions under which this TF 

contributes to the acquisition of a cytotoxic or dysfunctional state of CD8+ T-cells. For example, 

the employment of single-cell ATAC-seq and ChIP-seq techniques will significantly aid in 

unraveling the gene regulatory network of EOMES at every T-cell differentiation state 

(Grosselin et al. 2019; Satpathy et al. 2019).  

 

 TR1 cells control CLL progression and are regulated by EOMES 
and IL10R signaling 

As discussed above, the single-cell RNA-seq analyses performed in this work revealed that 

EOMES is expressed in CD4+ T-cell subsets, thus indicating that these cells could also be 

functionally affected by the rs9880772 SNP. In fact, EOMES promotes the development of 

CD4+ TR1 cells (Zhang et al. 2017; Gruarin et al. 2019), a cell subset with potent 
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immunosuppressive properties (Roncarolo et al. 1988; Bacchetta et al. 1994; Groux et al. 

1997). In a collaborative effort with Dr. Yashna Paul, the characterization of the CD4+ T-cell 

compartment in both single-cell RNA-seq and mass cytometry data sets of CLL LNs identified 

a subset resembling TR1 cells (Paul 2020). Since the use of different terminology to describe 

this cell population has often generated confusion, Roncarolo et al. proposed four criteria to 

be considered for defining TR1 cells. These four criteria are (1) the production of IL-10, (2), a 

suppressive function, (3) expression of inhibitory receptors, including PD-1 and LAG3, and (4) 

the absence of FOXP3 expression (Roncarolo et al. 2018). In agreement with these 

characteristics, the identified CD4+ EOMES+ cells expressed the inhibitory receptors PD-1, 

LAG3, CD39, and TIGIT, and the cytokine IL-10, but no FOXP3. Furthermore, one of the 

described immunosuppressive mechanisms of TR1 cells involves the secretion of granzymes 

and perforin 1, and subsequent killing of APCs (Tree et al. 2010; Magnani et al. 2011). 

Crucially, these effector molecules were also present in the TR1 cell subset, thus fulfilling all 

four criteria for their classification as TR1.  

Importantly, TR1 cells were more abundant in LNs of CLL patients rather than PB or BM, 

where they are likely to interact with CLL cells and contribute to disease progression or control. 

In addition, their frequencies were increased in CLL LNs in comparison to rLNs from non-

cancer individuals, indicating that leukemia induces the accumulation of these cells. This was 

further evidenced by the examination of the TCL1 mouse model, in which increased 

frequencies of TR1 cells were observed upon leukemia development in both Eµ-TCL1 and 

TCL1 AT models. Notably, TR1 expansion was accompanied with a higher IL-10 expression 

by these cells in TCL1 AT mice compared to non-leukemic mice, confirming their 

immunosuppressive phenotype. Moreover, work performed by Dr. Ekaterina Lupar and Dr. 

Ana Izcue from the Max-Planck Institute (Freiburg), showed that the transcriptional profile of 

the identified EOMES+ TR1-like murine cells overlaps with that of human TR1 cells (data not 

shown, (Roessner et al. 2020a)). 

In cooperation with the TF BLIMP1, EOMES transcriptionally activates IL-10, represses T-

helper lineage differentiation (Neumann et al. 2014), and similarly to CD8+ T-cells, induces the 

expression of effector molecules (Zhang et al. 2017). The adoptive transfer of Eomes-/- CD4+ 

T-cells together with CLL cells in Rag2-/- mice confirmed that EOMES is indispensable for TR1 

differentiation, as CD4+ T-cells expanded significantly less and produced lower levels of IL-10, 

as well as effector molecules. Of note, several integrins were found among EOMES-regulated 

genes (Roessner et al. 2020a), which might influence cell migration and homing, and 

consequently, be responsible for the increased numbers of Eomes-/- CD4+ T-cells in PB of the 

leukemic mice. Surprisingly, the lack of TR1 cells led to an enhanced CLL development, 

indicating that these cells control leukemia growth. Since IL-10 has been shown to be essential 

for maintaining the function and IL-10 production of TR1 cells (Brockmann et al. 2017), IL-10R 
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signaling was investigated to further understand the regulation of these cells. Interestingly, 

Il10rb-/- CD4+ T-cells proliferated similarly to WT CD4+ T-cells, but Il10rb-/- TR1 cells displayed 

higher expression of PD-1 along with reduced levels of cytotoxic molecules, indicating an 

enhanced exhaustion phenotype. These results might seem inconsistent with the commonly 

described immunosuppressive role of IL-10 (Brooks et al. 2006; Ni et al. 2015), but several 

studies have reported that IL-10 signaling through STAT3 prevents dysfunction in CD8+ T-cells 

(Naing et al. 2016; Gorby et al. 2020), Hanna et al. unpublished work). Thus, a similar 

mechanism could be active in CD4+ T-cells. Furthermore, Il10rb-deficient CD4+ T-cells showed 

a reduced control of CLL development, suggesting that IL-10-mediated signaling in TR1 cells 

is necessary for their effector activity and CLL control. 

The herein reported anti-leukemic role of TR1 cells might appear to be in contradiction with 

the reported function of TR1 cells in several tumor entities, where they have been shown to 

exert immunosuppression and thereby facilitate tumor growth (Bergmann et al. 2008; Dennis 

et al. 2013; Pedroza-Gonzalez et al. 2015; Yan et al. 2017; Song et al. 2018). It is crucial to 

consider, however, that the same regulatory mechanisms might lead to a different outcome in 

the CLL context, where the leukemic cells themselves are APCs (Hall et al. 2005; Mayr et al. 

2006; Os et al. 2013), and therefore, subjected to the immunosuppressive effect of TR1 cells. 

In other words, while in solid tumors the killing of APCs by TR1 cells might imply a negative 

regulatory effect for tumor immune control, in this context, it could lead to the killing of CLL 

cells and thereby a better outcome.  

The role of CD4+ T-cells in CLL, in fact, remains under intense debate. Numerous in vitro 

studies based on the co-culturing of autologous CD4+ T-cells and CLL cells describe a reduced 

apoptosis or enhanced CLL cell proliferation induced by CD4+ T-cell-derived cues, including 

IFNg, IL-4 or CD40L (Buschle et al. 1993; Os et al. 2013; Pascutti et al. 2013; Bhattacharya et 

al. 2015). The striking discrepancy from the results reported herein can be explained by the 

fact that these studies used CD4+ T-cells isolated from PB, where, as observed in this work, 

TR1 cells might be present in very low frequencies. On the contrary, in vivo studies using the 

TCL1 AT model, which captures the complex CLL immune microenvironment, reported either 

a faster or no difference in CLL development in the absence of CD4+ T-cells (Kocher et al. 

2016; Hanna et al. 2019; Roessner et al. 2020b). As discussed above, a direct anti-tumor role 

of TR1 cells in CLL seems plausible. Nevertheless, the lack of CD8+ T-cells in Rag2-/- mice 

made it impossible to assess the effect of TR1 cells on CD8+ T-cells, and hence, the assumption 

that increased TR1 cell numbers would lead to a better tumor control should be taken with 

caution. In fact, given the suppressive characteristics of TR1 cells, a scenario where the 

negative impact on tumor-reactive CD8+ T-cells would compensate or even overturn the direct 

anti-tumor role of TR1 cells should be considered. Besides, total CD4+ T-cells from spleens of 

either WT, Eomes-/- or Il10rb-/- mice were injected into recipient mice, which implies that other 
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CD4+ T-cell subsets, apart from TR1 cells, might have expanded and thus impacted on tumor 

growth. For example, TBET-expressing TH1 cells have been shown to accumulate in the TCL1 

mouse model (Roessner et al. 2020b). These cells produce increasing levels of IFNg along 

with disease progression (Roessner et al. 2020b), which have been shown to promote CLL 

cell survival and proliferation (Buschle et al. 1993). Although the data obtained in this work 

represent a good starting point for the characterization of TR1 cells in CLL, additional studies 

using a fully immunocompetent mouse model and nodal samples from CLL patients will be 

necessary to fully elucidate their relevance in this disease. 

 

 A novel layer for uncovering the pathological role of T-cells in 
CLL 

Collectively, the results obtained in this work comprehensively characterize the 

heterogeneous T-cell compartment of CLL patients, and significantly contribute to our 

understanding of the disease’s complex microenvironment. Based on the integration of several 

single-cell approaches and the use of the TCL1 mouse model, they describe the distinct 

phenotypic T-cell states acquired under pathogenic conditions, identify previously 

unrecognized, novel populations, and decipher the role of CD8+ TEM and TR1 T-cells in 

controlling CLL progression. While requiring additional experimental validation, these cellular 

and mechanistic insights represent a pivotal starting point for future studies evaluating the 

contribution of the microenvironmental niche to leukemia control or/and development. At the 

same time, these results raise a number of fascinating conceptual and translational questions, 

the answers to which will help to significantly improve the therapeutic options for CLL patients, 

and perhaps, other B-cell malignancies.  

Single-cell technologies have provided the crucial ability to ascertain the degree of 

heterogeneity present within CD8+ and CD4+ T-cells, and importantly, delineate the potential 

contribution of each subset to the milieu of the CLL LN. One of the subsequent questions, for 

example, is how the T-cell compartment is shaped upon tumor development. Even though CLL 

is a typically indolent disease, characterized by long periods of observation without treatment, 

progression eventually occurs (Hallek et al. 2018). Thus, longitudinal sample analysis from 

individual patients will be central to recognize molecular and cellular patterns determining the 

course of leukemia development. 

A similar question in relation to treatment-induced changes in the CLL microenvironment 

should be also addressed. Earlier studies reporting immune alterations under ibrutinib or 

idelalisib treatment indicate that the balance or interactions between cell subsets are likely 

affected under these treatments (Dubovsky et al. 2013; Dong et al. 2014; Furman et al. 2014; 

Lampson et al. 2016; Niemann et al. 2016). Because some kinase inhibitors were reported to 

negatively affect T-cell survival and function (Dong et al. 2014; Hofland et al. 2019), the impact 
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of these novel inhibitors on individual immune cell subsets should be assessed. Along this line, 

Rendeiro et al. profiled for the first time the temporal dynamics of immune cells from CLL 

patients under ibrutinib treatment with a multi-omics approach (Rendeiro et al. 2020). 

Analyzing single-cell RNA-seq data generated from PBMCs of 4 patients at several time-points 

over the course of 8 months of treatment, they describe a downregulation of genes related to 

T-cell activation and an acquired quiescence-like gene signature in CD8+, and to a lesser 

extent, CD4+ T-cells upon treatment. Following a similar approach with a larger patient cohort 

would allow linking the phenotypical T-cell alterations to leukemic cell subclonal heterogeneity 

and treatment outcome. 

 

The evidence for an enrichment of a CD8+ TEX CD39+ population along with a potential pre-

dysfunctional axis in CLL LNs raises several key questions. First, owing to the expression of 

inhibitory receptors including PD-1, CD39, and TIGIT, this subset might be a promising target 

for immune checkpoint blockade therapy. In this context, a pre-clinical study using the TCL1 

AT mouse model reported an improved leukemia control as well as a restored T-cell cytotoxic 

phenotype under anti-PD-L1 therapy (McClanahan et al. 2015a). However, as previously 

mentioned, single anti-PD-1 therapy in CLL patients has led to unsatisfactory results, with only 

some patients with Richter transformation showing response to treatment (Ding et al. 2017). 

Hence, research efforts currently focus on identifying combination therapies of several immune 

checkpoints, or with small molecule inhibitors already in use in CLL. In murine experiments, 

combined PD-1 and LAG3 blockade, as well as treatment with ibrutinib and aPD-1/PD-L1, 

reduced tumor burden more efficiently than monotherapy (Wierz et al. 2018; Hanna et al. 

2020). Besides, several clinical trials combining immune checkpoint blockade with kinase 

inhibitors are being conducted (NCT02329847, NCT02332980, NCT02362035, 

NCT02420912, NCT03514017, NCT03153203 and NCT03283137), and first results point 

towards a response rate of 61 % (Younes et al. 2019), indicating that targeting immune 

checkpoints in combinations with other therapies might significantly improve the clinical 

outcome of CLL patients.  

Targeting of CD39 in CLL has increasingly gained attention, as it is expressed in both CLL 

cells and T-cells, with the abundance of the latter correlating with disease severity (Pulte et al. 

2011; Perry et al. 2012). Despite having minor effects on leukemia development, the fact that 

CD39 receptor (ADORA2A) blockade in TCL1 AT mice has been shown to restore T-cell 

responses and repolarize monocytes to M1-like phenotype represents an encouraging 

strategy for combination-based therapeutic approaches (Arruga et al. 2020). 

The effect of antibody-based blocking of TIGIT has not been investigated in CLL, yet its 

immunosuppressive role makes it a promising novel target for immunotherapy. In pre-clinical 

studies, blockade of both TIGIT and PD-L1 in in the murine CT26 tumor model resulted in 
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reestablishment of T-cell function and complete tumor rejection (Johnston et al. 2014). Similar 

effects on improving T-cell cytotoxicity were described upon ex vivo combined blockade of 

TIGIT and PD-1 in tumor-infiltrating lymphocytes from melanoma patients (Chauvin et al. 

2015), and several clinical trials in solid or metastatic tumors are being conducted 

(NCT04047862, NCT03563716, NCT03628677 and NCT02913313). Importantly, aTIGIT 

treatment in mice with multiple myeloma also reduced tumor burden and increased T-cell 

function (Guillerey et al. 2018), indicating that blocking of TIGIT could also hold promise for 

the treatment of other B-cell malignancies including CLL.  

 

Last, another question which arises from the identification of CD8+ TEX CD39+ cells in this 

work is whether they constitute a potential biomarker for response to immune checkpoint 

blockade therapies, as stratification criteria for identifying CLL patients who could benefit from 

these therapies have not yet been established. In recent work evaluating the clinical response 

to PD-1 blockade in non-small-cell lung cancer and melanoma patients, the presence of CD8+ 

T-cells expressing elevated levels of PD-1 or PD-1 and CTLA-4, respectively, was reported to 

be predictive of a response to the therapy (Daud et al. 2016; Thommen et al. 2018). 

Additionally, in another melanoma cohort, the presence of EOMES+ CD69+ CD8+ TEM was 

indicative of a response to both aPD-1 monotherapy or combined aPD-1 and aCTLA-4 therapy 

(Gide et al. 2019). Since the frequency of CD8+ TEX CD39+ cells significantly varied between 

CLL patients, their abundance could have some prognostic power for categorizing patients 

who would respond to immune checkpoint blockade. Hence, future investigations should focus 

on the immune composition of pre-treatment LNs samples and its association with response 

to therapy. 
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 Conclusion 

The current work aimed to comprehensively describe the phenotype, distribution and 

function of T-cells in CLL patients based on integrative single-cell RNA-seq and mass 

cytometry analyses of LNs, PB, and BM samples from CLL patients and healthy controls. The 

central finding is that CLL LNs constitute a distinct niche where clonally-expanded CD8+ TEM 

cells become more abundant with tumor development, and T-cells with an exhausted state 

accumulate. In this nodal microenvironment, CLL cells establish a cross-talk with different T-

cell subsets, receiving and inducing both pro-survival and inhibitory signals. Moreover, an 

EOMES-dependent role of CD8+ TEM in controlling CLL progression was determined using the 

TCL1 mouse model. Finally, TR1 cells were newly described in CLL patients, and their 

dependency on EOMES and IL-10 receptor signaling for regulating CLL development in TCL1 

mice was demonstrated. Altogether, these data help characterizing the phenotypical changes 

in the CD8+ T-cell compartment of CLL at an unprecedented resolution and significantly 

advance our understanding of the disease’s pathomechanisms. 
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6 Appendix 

 Profiling of rs9880772 SNP in samples of CLL patients using 
Sanger Sequencing 

DNA from 13 LNs samples analyzed by mass cytometry was isolated using the QIAamp 

DNA Micro Kit (Qiagen, 56304) following the instructions provided by the manufacturer. Next, 

100 ng of DNA were mixed with 0.5mM of forward (5’-GTCTTTATCACTACTAGCAACATGC-

3’) and reverse (5’-GCACGACCTTTGCTCCTTTT-3’) primers and 1X Prima Amp Hot Start 

Master Mix (Steinbenner Laborsysteme, SL-9714-10ml). The PCR reaction was run with the 

following protocol: 

Step Temperature Time (hh:mm:ss) 
1 96 °C 00:02:00 

2 96 °C 00:00:30 

3 51 °C 00:00:15 

4 60 °C 00:04:00 

5 Go to Step 2, 24x (25 cycles) 

6 15 °C Hold 

 

Samples were subsequently run on a 2 % agarose gel, and amplified bands were cut and 

cleaned using the QIAquick PCR Purification Kit (Qiagen, 28104). Purified samples were 

submitted to Sanger sequencing with the aforementioned primers.  

The presence of the rs9880772 SNP (G>A) was examined in all 13 samples. The results 

are indicated in Table S12. 
 

Table S12: Analysis of rs9880772 genotype in samples of CLL patients. 

Risk allele Non-risk allele 
HD4 BC1 

 BC2 
 BC3 
 BC4  

BC5 
 BC10 
 HD1 
 HD2 
 HD3 
 HD5 
 HD6 
 HD7 

Note: The region of the EOMES gene spanning rs9880772 SNP was amplified with gene-
specific primers and Sanger-sequenced. 13 CLL samples were classified according to allele 
presence (G>A / G>C). 



6 Appendix    

 131 

 Supplementary patient information 

Information regarding viral infection positivity at the time of sample collection was available 

for samples of CLL patients obtained from the Hospital Clínic (Barcelona) (Table S13). 

Immunohistochemical staining and in situ hybridization (EBERs) methods were used for EBV 

and CMV, respectively. 

 

Table S13: Detection of CMV- and EBV-positive cells in CLL patient samples. 

Patient ID EBV CMV 
BC1 NA CMV+ 
BC10 EBV- CMV+ 
BC2 NA NA 
BC3 EBV+ CMV+ 
BC4 EBV- CMV- 
BC5 EBV+ NA 
BC6 NA CMV+ 
BC7 NA NA 
BC8 NA CMV low (2004) 
BC9 NA CMV- 

Note: NA = not available, EBV = Epstein-Barr-virus, CMV = cytomegalovirus. 
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